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Abstract 
Dust accumulation on photovoltaic (PV) modules and its effect on their performance are of 
high concern for regions with a high rate of dust, low frequency and intensity of rain. In this 
thesis, the effect of dust on PV modules is investigated with respect to dust concentration and 
spectral transmittance. The measured spectral transmittance of the dust sample shows spectral 
attenuation effect that varies at different wavelengths. This effect is explained by the particle 
size distribution of the dust samples: At shorter wavelengths more light is scattered due to the 
effect of the smaller particles. This effect has a major impact on the PV module as it affects 
PV technologies with a wider band-gap more than those of a narrower band-gap.  
The effect of dust is accumulative, i.e. PV module performance is reduced by increasing 
deposition over time or until it’s cleared manually or by rain. The tilt angle of the PV 
installation plays a major role in the amount of dust accumulated on the devices, where higher 
tilt angles result in decreased dust concentrations. This effect is demonstrated in outdoor 
measurements where tilted modules had lower losses in daily as well as total array yield. It is 
also shown that tilted modules benefit from precipitation more than horizontal modules. 
However over the exposure period the modules did not show any clear aging effect caused 
specifically from dust accumulation or exhibit any seasonal variation. 
Different tilt angles can produce varying non-uniform dust patterns on the device surface. 
This effect and its pattern over long and short periods of exposure are investigated by means 
of spatial three dimensional modelling. The simulations compare two dust accumulation 
patterns that represent a short exposure to a single dusty day (one day) and a long exposure of 
dust (3 months). Out of the two patterns, the long exposure patterns showed higher losses of 
19.4% in comparison to 14.8% for the short exposure. The simulation also showed that dust 
accumulation that promotes high concentration of dust at the bottom of the PV modules where 
it covers a full cell has a high risk of triggering hot spots and thus risks permanent module 
damage.  
A dust correction model for energy prediction is developed. The model takes into 
consideration dust concentration, spectral attenuation effect of dust, PV technology, and 
various meteorological variables. The modified spectral transmittances of the dust were 
incorporated into the model in the form of pre-measured data. This means in this work 
samples collected in Kuwait were measured and used to generate the input. The model is 
compared against the outdoor measured data and a good agreement between measurements 
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and simulations is demonstrated. Using this model two procedures were developed. The first 
evaluates the uncertainties associated with dust over long periods of time. The second is to 
find the optimised cleaning schedule and frequency of cleaning based on acceptable yield loss 
margins over the simulated period of time. The optimisation of the cleaning schedule showed 
that for Kuwait setting the daily energy losses in PV modules at less than 10% will set the 
cost of cleaning higher than the cost of energy lost due to dust. 
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Nomenclature 
PV Photovoltaic λ Wavelength 
Jsc Short circuit current density ESTI Institute for energy and transport 
c-Si Crystalline silicon Qext Extinction efficiency 
CIGS Copper-Indium-Gallium-
Diselenide 
α Ratio of the particle size to the 
wavelength of the incidence 
irradiation 
CdTe Cadmium Telluride Qsca Scattering efficiency  
a-Si Amorphous silicon an  Mie coefficients 
E Spectral irradiance bn Mie coefficients 
AM Air mass m Refractive index 
h Solar elevation m” Imaginary part of the refractive 
index 
G Irradiance μ1 Fraction of the magnetic 
permeability of the sphere to the 
magnetic permeability of the 
ambient medium 
SR Spectral response x Size of the particle 
Isc Short circuit current a Radius of the sphere 
Io Diode saturation current Qabs Absorbance efficiency 
n Diode ideality factor TTransmittance Transmittance 
q Electron charge D Particle diameter 
K Boltzmann constant XRD X-Ray Diffraction 
T Temperature of the device in 
Kelvin 
At Integral of the spectral 
transmittance data at specific dust 
concentration 
Vj Voltage across the diode 
junction 
SMARTS Simple model of the atmospheric 
radiative transfer of sunshine 
Iph Photocurrent S3DM Spatial 3 dimension model 
Rs Series resistance Ys Array yield 
Rsh Shunt resistance Etotal Total energy for the PV module 
I Current drown by the load Eλ Photon energy 
V Voltage across the load h Planck’s constant 
Pmpp Maximum power point c Speed of light 
Vm Voltage at the maximum ID Current at the diode 
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power point 
Im Current at the maximum 
power point 
Rin Input resistances 
FF Fill factor TCO Transparent conductive oxide 
STC Standard testing condition Hor Horizontal 
ɳ Efficiency VBD Voltage across the back diode 
A Area of the module IBD Back diode saturation current 
Voc Open circuit voltage N Dust particles concentration 
Rs,Lat-TCO TCO lateral resistance ha Height of measured wind from the 
surface 
Rs,Lat-Al Back contact lateral resistance Vs Dust particle velocity 
Rse Series resistance representing 
bulk resistivity of the 
semiconductor material, 
without the contribution of the 
contact layers resistivity. 
D Turbulent diffusivity 
Rb Terminals resistance Ɵ Surface tilt angle 
VL Voltage limited W’ Fluctuation in the vertical wind 
speed 
CL Current limited αats Atmospheric condition, 
Vert Vertical kvk Von Kerman constant 
KISR Kuwait Institute for Scientific 
Research 
Uy Wind velocity vertical components 
DCA Directorate of Civil Aviation U’y Wind friction velocity   
EPA Environment Public 
Authorities 
g Acceleration due to gravity 
DNI Direct normal irradiance ρ Particle density 
GHI Global horizontal irradiance µ Air dynamic viscosity 
CREST Centre for renewable energy 
systems technology 
d Dust particle diameter 
H Haze C Cunningham correction 
M Mist Ksp particle nonsphericity 
R Rain Ad Attachment coefficient 
S Suspended dust DDust Dust accumulation 
RD Raised dust Cf Cleaning correction factor 
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DS Dust storm Rmin Minimum rain cleaning threshold 
RH Relative humidity Rmax Maximum rain cleaning threshold 
PC Personal computer Rc Rain correction factor 
u Uncertainty DST Dust spectral transmittance at 
specific dust density 
SD Standard deviation I1, V1 Coordinates of points on the 
measured I-V characteristic 
µc/a-Si Micromorph I2, V2 Coordinates of the corresponding 
points on the corrected I-V curve 
Ta Ambient temperature and G1 Irradiance as measured with the 
reference device 
Tm Averaged module temperature G2 Target irradiance for the corrected 
I-V characteristic 
PVSR PV soiling ratio T1 Measured temperature of the test 
specimen 
WS Wind speed K’ Temperature coefficient of the 
internal series resistance R’S 
T2 Target temperature of the test 
specimen 
VOC1 Open circuit voltage at test 
conditions 
WD Wind direction R’S Internal series resistance of the test 
specimen 
J Dust flux rate YOV Optimized daily yield deviation 
desired for the optimisation process 
αrel, rel Relative current and voltage 
temperature coefficients of the 
test specimen measured at 
1000 W/m2. They are related 
to short circuit current and 
open circuit voltage at STC 
CF Cleaning frequency 
α Irradiance correction factor for 
open circuit voltage which is 
linked with the diode thermal 
voltage of the pn junction and 
the number of cells serially 
connected in the module 
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1 Introduction 
Over recent years the demands for clean and sustainable sources of energy have increased 
dramatically. It has reached a point where governments around the world recognize the need 
for a clean source of energy to increasingly support conventional energy sources and replace 
them over time. One of these environmentally-friendly solutions is solar photovoltaics (PV). 
Photovoltaic modules are solid state devices that convert solar radiation to electrical power. 
The main advantage of PV modules is that it utilizes a clean and sustainable source of energy 
(solar radiation). This is still perceived as a high cost, although this is changing as the cost of 
manufacturing PV modules are being reduced [1]. 
The high initial cost is due to the small market size achieved today. To bring costs of PV 
systems down requires a government incentive to create the economies of scale required for a 
significant cost reduction. This is achieved in the form of a tariff or subsidies which become 
an essential key factor, as the system will payback its capital cost over a period of time 
continuing then to generate a surplus. With manufacturers guaranteeing PV module 
performance reduction of less than 10% in the first 10 years and less than 20% for the next 25 
years for crystalline Silicon technologies, PV systems become a very attractive source of 
energy due to their long lifetimes [1, 2]. The determination of the module lifetime is done 
through a series of stress tests to ascertain the PV module performance, durability and safety 
of usage [2]. Unfortunately, not all factors that the PV modules are exposed to in real 
operating environments are accounted for in those tests, such as prolonged cell mismatch due 
to manufacturing defects and natural soiling such as bird droppings, snow, pollutants and 
dust. The latter factor is the focus of this thesis. 
The reduced cost of photovoltaics and the high amounts of irradiance make the ‘Sun Belt’, 
i.e. a zone of mostly arid areas around the equator with outstanding amounts of sunlight 
(Table 1.1), an attractive area for installations. In most arid zones of the world and in the 
Middle East regions in particular, sand dust is present in addition to high temperature and low 
frequency of rain as shown in Table 1.1. This is a detrimental agent as far as solar energy 
applications are concerned. This is illustrated in Figure 1.1, which shows a dust storm 
obstructing the image taken from a satellite over the Red Sea between Saudi Arabia and 
Egypt. When foreign particles such as sand or dust fall on PV modules, it will be shown in 
this thesis that they interfere with illumination quality by both absorbing and scattering light. 
2 
Country Irradiation 
(kWh/m2/year) 
Rain 
(mm/year)
Temperature
(°C) 
Total losses in PV due to dust
(%) 
Kuwait 2211 40 28 34 
USA (CA) 1560 670 9 6 
Spain 1708 370 18 15 
Table 1.1. Comparison between Kuwait, United State of America (California) and Spain for 
total annual irradiation, total annual rain, average annual ambient temperature and total 
annual losses due to dust at tilted surface [3][4]. 
 
PV system performance is evaluated by means of the total energy output measured in a given 
time period. The energy the module generates per power unit, or array yield, is also widely 
used as a comparison parameter between different technologies, installation methods, 
orientations, balance of systems, etc. Energy yield is also considered to be an economic 
indicator that defines how much the PV modules have produced over a period of time. Energy 
tariffs and other payback assessments are all calculated from the simple principle of how much 
energy the PV system will produce under a given environment. Therefore dust plays an 
important role in the determination of the PV yield, as it affects environmental factors greatly 
by obscuring the irradiance falling on the surface of the module [5, 6] and altering the solar 
spectrum (will be shown in this thesis) which affects PV modules as they are spectrally 
dependent devices [3, 7]. These effects individually or combined together will affect the PV 
system yield. The effect of those factors with regards to dust is investigated in this thesis by 
means of specialised outdoor measurements in a dusty environment [3, 7].  
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Figure 1.1: Dust storm observed by satellite spanning from the Red Sea to Saudi Arabia. 
Image taken by NASA Earth Observatory on the 14th of May 2005, 
www.earthobservatory.nasa.gov. 
 
Another concern with dust is that accumulation of dust on the surface of a PV module can 
produce spots with varying concentrations of dust particles, as illustrated in Figure 1.2. These 
spots vary in shape, location and concentration density. The variation in dust accumulation in 
any place can lead to different transmittance of light into the module, thus leading to small 
random areas on the PV module with reduced solar radiation. These effects can produce 
inhomogeneous shading on the surface of the cell. It also increases the possibility to trigger the 
hot spot effect for modules that are installed in a string where the operating current of a 
module exceeds the short circuit current of the affected cell, e.g. due to shading or dust 
accumulation [8-11]. When this case occurs, the affected cells are forced into reversed bias 
and thus dissipate power.  
The behaviour of technologies currently available, predominantly silicon based technologies 
such as mono and poly crystalline, are fairly well understood. Other technologies, thin films in 
particular such as Copper-Indium-Gallium-Diselenide (CIGS), Cadmium Telluride (CdTe), 
and amorphous silicon (a-Si), are more sensitive to this problem due to the construction 
methods of these module types. Some manufacturers claim that thin film technologies are less 
sensitive to shading if they are installed with their cells positioned vertically [2]. This claim, 
though it may hold true in some cases, does not take into consideration that triggered hot spot 
due to shading does not necessarily occur when a full cell is shaded, but can happen when a 
cell or group of cells are partially shaded [8-11]. In the long term that will not only affect the 
Dust storm 
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performance of the module, it may lead to unrecoverable damage to the cell due to hot spot 
heating. This problem is investigated in the thesis where the worst case scenario was identified 
and therefore can be avoided. 
 
 
Figure 1.2: Accumulated dust on different PV modules installed in Kuwait, from the left, 
micromorphous-Si, CIGS and mono-crystalline-Si. The micromorphou-Si module was 
installed from the 8/5/2011 to 29/7/2012. The CIGS and mono-crystalline-Si were installed 
from January 2010 and are not part of the outdoor measurements test. 
 
Explaining and modelling the effect of dust on PV modules can provide a valuable tool to 
quantify and minimize the impact of this problem. By doing so, the dust effect can be 
accounted for when looking at long term energy prediction by minimizing the losses 
associated with dust accumulation on the surface of the PV module. Also knowing that dust 
can affect the performance and possibly damage the PV module, a way to prevent this can be 
investigated and different approaches can be sought to reduce the energy losses caused by the 
dust effect. Furthermore, knowing how dust selectively attenuates the solar spectrum can 
provide a better approach for technology selection under specific dusty environments. 
In this work the focus is on explaining the effect of dust, and how it affects different PV 
technologies. The approach used in this thesis involves investigating the effect of dust by 
means of simulation and comparing the current density Jsc of different technologies under 
dust concentration to identify the effect of dust concentration on the PV performance. The 
second part involves developing a spatially-resolved model, where various scenarios will be 
used to simulate homogeneous and non-homogeneous dust accumulation on the PV module 
for the purpose of finding the worst case scenario. The third part involves outdoor 
Tilted TiltedFlat
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measurements, where data obtained from PV modules installed in Kuwait is used to 
determine the energy comparison between cleaned and non-cleaned PV modules for the 
purpose of identifying the effect of dust on the array yield. In addition to that, scheduled 
thermal images are taken to look into the possibility of hot spot and non-uniform heat 
distribution on the PV model. The final part of this work is to combine the results developed 
in the first part and the outdoor data obtained to develop a dust correction model for long 
term energy prediction for PV modules that is able to provide better energy prediction, 
possible variation in the PV module performance over long period of time and the optimised 
cleaning procedure that compares the cost of energy lost to the cost of cleaning. 
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2 Photovoltaic Devices and Environmental Influence 
The general background on the fundamental concepts of solar energy, the concept of 
collecting it with photovoltaic (PV) technology and the main factors that affect the 
performance of PV modules are discussed in this chapter to provide the foundations to the 
more specialist topics discussed throughout the thesis. 
 
2.1 Solar Radiation 
Huge amounts of energy are generated from the Sun in every second. The energy released 
from the Sun travels through space as radiation. Due to the long distance between the Earth 
and the Sun (149.6 x106 km) only a small proportion arrives at the Earth’s atmosphere. The 
intensity of the small proportion radiation arriving on the Earth atmosphere is referred to as 
the solar constant which is equal to 1367 W/m2. When solar radiation enters Earth’s 
atmosphere, a portion of it is absorbed or scattered by the moisture and the particles in the 
atmosphere (some becoming diffuse radiation) while the rest is transmitted (direct beam 
radiation) to the surface [12]. The total measured radiation arriving to a horizontal surface, 
also known as the global horizontal radiation is a combination of direct beam radiation 
corrected to the angle of incidence and the diffuse radiation [12, 13]. 
The solar radiation arriving at the Earth is distributed across different wavelengths (Figure 
2.2). The radiation power of each wavelength received by unit area is known as the Spectral 
Irradiance (E) [14]. The influence of the atmosphere on the spectral irradiance is dependent 
on the path length and optical transmittance properties, where the attenuation of the spectral 
irradiance is an exponential function of the distance that the radiation travels. The Air Mass 
(AM) defines the ratio of the actual distance travelled to that of the path of shortest distance. 
The AM value is defined by the reciprocal of the cosine of the vertical angle between the Sun 
and the zenith as shown in Figure 2.1. The relation between the AM and the solar elevation 
(h) is explained in equation 2.1. 
AM	≈ 1cosሺ90 െ ݄ሻ 
(2.1)
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Figure 2.1. Example of Air Mass variation with solar elevation (h) and zenith angle (Ɵz). 
 
AM0 represents the extraterrestrial spectrum while a situation with the Sun directly overhead 
is defined by AM1 [13]. A reference AM value used for photovoltaic international standard 
testing is AM1.5, which models an average yearly spectrum for mid latitude sites with the 
Sun at 41.8o solar elevation angle [12] (and an additional specification of clear sky) see 
Figure 2.1 & Figure 2.2. Suspended particles in the atmosphere can attenuate the solar 
spectrum [15, 16], but as this work is more focused on accumulated dust particles, no further 
investigation will be taken throughout this thesis to address this topic. 
Most of the available solar radiation measurement devices have varied wavelength ranges 
that allow them to measure the integral of spectral irradiance over a specific wavelength band 
to get the power density of the solar radiation known as irradiance (G). The integral of the 
irradiance over a period of time yields energy density, known as irradiation which has the 
unit of MJ/m2 or kWh/m2. The irradiation value is one of the most commonly used values for 
long term assessment or analysis of PV systems, where it can be presented as a total 
irradiation per year [kWh/m2/year] [2].  
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Figure 2.2. Spectral irradiance AM0 and AM1.5 at 1000 W/m2 as in the IEC60904-3 standard 
[17]. The marked region on top of the graph marks the wavelength range for utilised by 
different PV module technologies. 
 
2.2 Spectral Response 
The frequency of the oscillation of the photons that compose the solar spectrum is 
representative of the energy embodied in it. The relation of the photons to the generation of 
energy is referred to as the photon energy Eλ and is explained by equation 2.2. 
ܧఒ= ࣺ ܿߣ  (2.2)
Where h is Planck’s constant, c is the speed of light and λ is wavelength. This results in 
different energy potential at different wavelengths of the spectrum. The contribution of the 
photons at each wavelength to the generation of the PV device short circuit current is known 
as the Spectral Response (SR). The SR of a device is determined by its band gap, cell 
thickness and transport properties of the carriers in the material. It is, in other words, the short 
circuit current obtained at a wavelength in a PV device [13]. The unit for the spectral 
response is current per power [A/W/nm]. The spectral response value is wavelength 
dependent. This means it is dependent on the PV device band gap and thus varies for 
different technologies as shown in Figure 2.3. The short circuit current (Isc) of a PV device 
can be calculated by means of the integral of the product of the external SR and the desired 
spectrum as shown in equation 2.3: 
Infrared 
V
isible UV 
a-Si 
CdTe 
CIGS 
c-Si 
9 
ܫ௦௖=න ܴܵሺߣሻ
ఒ
ܧሺߣሻ ݀ߣ (2.3)
 
 
Figure 2.3. Representative spectral response data for crystalline silicon (c-Si), Copper-
Indium-Gallium-Di-Selenide (CIGS), Cadmium Telluride (CdTe) and amorphous silicon (a-
Si) PV modules. Data obtained from Institute for Energy and Transport (ESTI) [18]. 
 
2.3 Photovoltaic Device Performance Parameters 
PV devices are solid-state devices that convert light into electricity. This is achieved when 
PV devices are exposed to solar irradiance, which is composed of photons. The energy of the 
photon is transferred into an electron across the valence and conduction bands, otherwise 
known as the Band Gap, in the semiconductor material, creating an electron hole pair. The 
electron is promoted to an excited state and thus escapes from its normal energy level in the 
valence band into the conduction band, leaving behind a hole in the valence band. This 
excited state electron is now mobile in the conduction band and can be separated by means of 
a p-n junction formed from doped semiconductors. The p-n junction is made, for example in 
crystalline silicon, by doping impurities (from group 13 or 15 from the periodic table) with 
the silicon. Where group 15 doping creates surplus electron for every doped element atom in 
the lattice, this creates n-doped material. When group 13 materials are doped into the silicon 
there is an electron missing (hole) for every doped element atom in the lattice, this creates the 
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0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0 200 400 600 800 1000 1200
S
R
 [A
/W
/n
m
]
Wavelength [nm]
c-Si CIGS
CdTe a-Si
C_Si
a_Si
CIGS
CdTe
Ideal c-Si Ideal CIGS
Ideal CdTe      Ideal a-Si
10 
p-doped material. When n-doped layer is diffused in on one side of p-dopant wafer or vice 
versa a p-n junction is formed. The electron diffuses from the n-type material to the p-type 
material due to the concentration gradient of electrons and holes between the two types of 
semiconductor. This creates a region with few free charge carries know as depletion region 
also known as space charge region (Figure 2.4). The electrical field generated across the two 
sides of junction promotes a diode charge flow (drift current) that opposes the diffusion of the 
electron holes pairs and in the same time balance it until it reaches equilibrium [2, 13]. 
 
 
Figure 2.4. Formation of space charge region at p-n junction through diffusion of electrons 
and holes. 
 
PV devices are semiconductor devices that can be approximated by a simple diode equation. 
The diode represents the characteristic of the PV device I-V curve in the dark. While it allows 
the flow of the current in the forward bias direction, it blocks all the reverse direction current 
flowing in the circuit, or what is known as reverse bias, this is shown in equation 2.4. 
ID=Io ቆe ൬
௤ ௏ೕ
௡ ௄ ்൰ - 1ቇ (2.4)
Io is known as the diode saturation current, while n is the diode ideality factor. The latter 
represents the mechanism of collection of diffused (value closer to 1) and drifted current 
(value closer to 2). q is the elemental charge of an electron which is equal to 1.602x10-19 
Coulomb; K is the Boltzmann constant and is equal to 1.38x10-23 J/K while T is the 
temperature of the device in Kelvin (K) and Vj is the voltage across the diode junction. 
Although the diode equation is a good representative of the electrical behaviour of an ideal 
PV device, it presents a limitation when practical devices are to be considered. The 
Diffusion
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+ + + + +
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modification results in adding a representation of the bulk parasitic and ohmic losses which 
are presented in the form of shunt and series resistance.  
The current source in the circuit in Figure 2.5 represents the photon current Iph (the current 
generated from the absorbed photons in the solar radiation). Since the Iph of the PV cell is 
almost independent of the operating voltage according to the superposition principle 
approximation [13, 19]. The photocurrent value shifts the I-V curve of the diode to the power 
active quadrant region of the I-V curve as shown in Figure 2.6.  
 
 
Figure 2.5: Electrical representation of the one diode model. 
 
 
Figure 2.6: Difference between light and dark current. The active I-V curve is a shift of the 
dark I-V curve by a value of the Iph. The I-V curves are generated using equation 2.6. 
 
The series resistance Rs is represented as one lumped value with regards to its location in the 
cell and is incorporated into the circuit. Taking into account the leakage current from the 
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Ish=
Vj
Rsh
 (2.5)
Using a simple Nodal analysis to extract the total net equation of the circuit, we get: 
IሺVሻ=Io 	൭e
ቆ q Vjn K Tቇ - 1൱+ Vj
Rsh
- Iph (2.6)
This is known as the one diode equation. The voltage across the diode or what is known as 
the junction voltage (Vj) has a strong influence over the circuit because it influences the diode 
operation. The junction voltage is represented by: 
Vj=V – I 	 Rs (2.7)
The performance of PV devices are generally characterised by variation of current over the 
voltage, or what is known as the current voltage (I-V) curve. This curve is used to obtain the 
PV device parameters such as open circuit voltage and short circuit current. The Voc is the 
voltage at the device terminal when the current is equal to zero. Isc is the current at the device 
terminal when the voltage is equal to zero. The product of current and voltage values results 
in the power curve. The point at which the maximum power (Pmpp) is delivered is known as 
the maximum power point. The current and voltage at the maximum power point are known 
as the maximum power voltage and current (Vm, Im), see Figure 2.7. 
 
 
Figure 2.7: Standard I-V curve for a mono-crystalline PV module with Voc, Isc, Im & Vm 
marked on the graph. The gray square is the module FF which is the fraction of the output 
power, Im Vm to the ideal power Voc Isc. The I-V curves are generated using equation 2.6. 
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Using the previous parameters, the device fill factor (FF) and conversion efficiency (η) can 
be obtained. The fill factor is the ratio of the device maximum power (Pmpp) to the device 
ideal power, i.e. the product of Voc and Isc (see equation 2.8). It can be said that FF is a 
measure of how square the I-V curve of the device is. The fill factor can provide a lot of 
important information on the device and is used as an indicator to the device material quality 
as it shows the effect of the parasitic resistances affecting the PV device Pmpp value and thus 
the PV device efficiency. 
FF=
Vm Im
Voc 	Isc (2.8)
The conversion efficiency of the device is the ratio of the maximum power delivered by the 
device over the incident radiative power falling on the surface of the PV device. It is 
normally determined at Standard Test Conditions (STC) which are irradiance at 1000 W/m2, 
Air Mass 1.5, module temperature of 25oC and angle of incidence of 0o. The power of the 
device is then often described in Watt-peak, Wp, which is also the rating of the module. The 
efficiency (ɳ) in percent is given by equation 2.9. 
η= ൬Voc Isc FF
A  G
൰×100% (2.9)
Where A is the area of the module, and G is the irradiance falling on the surface of the 
module. The performance of a deployed PV module is measured by the amount of energy it 
produces over a period of time, which is measured in kWh. An alternative unit used 
frequently is the Array Yield (Ys) [20], which is the energy generated normalised by the 
installed capacity in Wp. This is expressed as kWh/kWp. The Ys value reflects only the 
module performance (DC power component) and thus does not take into account other 
balance of system components such as the inverter. The Ys value can be calculated from the 
following:  
Ys=
ETotal
Pm
 (2.10)
Where Etotal is the total energy for the PV module in [kWh] measured over a period of time, 
and Pmpp is the measured peak power of the module in [Wp]. 
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2.4 Parasitic Resistances 
All practical photovoltaic devices are non-ideal and contain parasitic resistances, series (Rs) 
and shunt resistance (Rsh). The series resistance Rs in a PV device is representative of the 
resistance in the emitter, the front contacts, back contact, contact ribbons and the terminal 
contacts of the device. This affects the PV device FF as the I-V curve slope at open circuit 
voltage will further move toward the origin. Figure 2.8 shows the effect of increased Rs on 
the device I-V curve.  
The shunt resistance Rsh is the resistance between the PV device junction terminals and the 
paths not going across the junction in addition to the PV device material deficiency. Under 
lower shunt resistance, when current is injected less voltage will build up across the PV 
device terminal. That can be identified as the slope at short circuit current will move further 
down toward the origin leading to reduction in the PV device FF and thus power. See Figure 
2.9 for the effect of reduced Rsh on the PV device I-V curve. 
 
 
Figure 2.8: Effect of Rs on the PV device I-V curve showing that with increased Rs, the slope 
at Voc will flatten until it behaves like a straight line. The I-V curves are generated using 
equation 2.6. 
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Figure 2.9: Effect of Rsh on the PV device I-V curve showing that at decreased Rsh, the slope 
at Isc will further move down toward the origin of the I-V curve. The I-V curves are generated 
using equation 2.6. 
 
2.5 Influence of Operating Temperature 
The PV devices are directly affected by temperature. Elevated temperatures cause a reduction 
of the effective band gap of the device. As the temperature increases the band gap decreases 
and dark saturation current increases (increases in recombination) due to less energy being 
needed to form electron hole pairs and thus open circuit voltage is decreased [13]. This means 
that with increased temperature the PV device open circuit voltage will decrease while the 
short circuit current is slightly increased, as illustrated in Figure 2.10. Using equation 2.3 to 
solve for Voc, the linear relation of the Voc to the temperature is shown in equation 2.11. 
୭ܸୡ=
ܭ ܶ
ݍ ln ൬
ܫௌ஼
ܫ௢ ൅ 1൰ 
(2.11)
The temperature effect on the PV device can be summarised by a marginally positive linear 
relation with short circuit current and high impact negative linear relation with open circuit 
voltage. 
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Figure 2.10. Temperature effect on PV module performance. The effect on the open circuit 
voltage at different operating temperatures is clearly demonstrated. The I-V curves are 
generated using equation 2.6. 
 
2.6 Influence of Irradiance 
The generation of the PV device photocurrent increases with irradiance, therefore the PV 
device photocurrent can be assumed to vary linearly with the irradiance as shown in Figure 
2.11. When both Io and T are set as constants in equation 2.11 a logarithmic relation can be 
observed between open circuit voltage and irradiance.  
 
 
Figure 2.11. Irradiance effect on the performance of the PV device, and mainly on the short 
circuit current. The I-V curves are generated using equation 2.6. 
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2.7 Photovoltaic Modules and Mismatch Factors 
PV modules are made of multiple PV cells connected together and encapsulated to provide 
protection to the cells from the conditions faced during outdoor operation. The ratings of the 
PV modules depend on the cell size, cell technology, number of cells used and the way the 
cells are interconnected. Following Kirchhoff’s laws, series configuration connection of the 
cells is used to boost the voltage of the module, parallel configuration to boost the current or 
a combination of both to boost both voltage and current with the series connection being 
relatively the most common method used. 
The method used to connect the cells, though essential, comes with a drawback which is the 
requirement of the connected cells to have a matched current or voltage ratings. When 
connected cells are partially shadowed or have lower power rating due to manufacturing 
defects, for example, at series connection, Kirchhoff’s voltage law requires all series 
connected cells to generate the same current for the cell voltages to be added. When one cell 
generates less or no current due to manufacturing defect or shading (weak cell) the other 
connected cells will start to dump current into the shaded cell. This leads to power dissipation 
in the weaker cell equal to the module current multiplied by the reverse voltage developed 
across the weaker cell. This can lead to a drop in the PV module power, but a more dangerous 
situation develops when the reverse voltage across the weaker cell is equal to the voltage 
generated across the remaining other cells (module operating at short circuit), see Figure 
2.12. That will produce the worst case scenario where the reversed cell is at its maximum 
power dissipation [9] and the module will suffer from localized overheating (hot-spots) and 
thus possibly damage the module.  
Manufacturer quality control can ensure proper sorting based on the power rating of PV cells. 
Although this is not applicable for thin-film PV technologies due to the way they are 
manufactured. Also it is a different story for shaded cells by objects, bird droppings, dirt and 
dust. The reverse characteristics of the selected shaded cell can be voltage limited where it 
has a high shunt, or current limited where it has a low shunt as shown in Figure 2.12. The 
high shunt resistance cell will limit the reverse current flow into the cell, which will lead to 
the cell uniformly, and slowly heat it up until it reaches a point where it can cause damage to 
the cell [11]. A low shunt resistance cell allows a large amount of reverse current to flow in a 
small area, causing localized, non-uniform heating. 
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Hot-spots can cause permanent damage to the module, therefore in some PV modules, and 
especially crystalline silicon technology modules, to use bypass diodes to allow the current 
flow in the module to bypass shaded cells which will sacrifice the PV module power but 
protect the module from permanent damage. Ideally the highest tolerance to shading can be 
achieved if a bypass diode is connected across every cell in the module, but due to 
manufacturing reasons it is connected only to a group of cells (in case of a-Si 18-20 cells) 
[13]. Therefore the number of bypass diodes is dependent on the number of cells in the 
module where for example a c-Si module consists of 72 cells will have 3 bypass diodes [13]. 
The bypass diodes are not limited only to PV cells as they are used for modules connected in 
arrays, as they fall under the same principle of mismatch when they are connected together. 
Therefore it is common to find bypass diodes connected across PV modules terminals to 
allow protection of the whole PV array when connected together in addition to PV cells 
bypass diode for module protection. 
 
  
  
Figure 2.12: A group of series connected cells with cell X shaded for both cells with voltage 
limited and current limited cases as per UL1703 and IEC 61215 [8][9]. The I-V curve at the 
right shows the reduced I-V curve due to the shading. The power dissipated in X is equal to 
the power generated by the series connected cells, less the shaded cell. The shaded cell on the 
left column shows the worst case shading that applies to each case.  
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2.8 Conclusion 
The energy generated by a PV device is dependent primarily on the availability of solar 
radiation while the full description of performance is a function of many different factors. 
The conversion of solar radiation is dependent on the PV devices response to the spectrum. 
The irradiance has a direct positive effect on the PV device short circuit current while 
temperature is the main factor affecting the PV device open circuit voltage. The ratings of the 
PV module are mainly dependent on the technology of the cells and the ways the cells are 
interconnected. The mismatch of the PV cells within a PV module can be due to 
manufacturing defects such as uneven grain boundary, jagged cuts, scratches and cracks, 
variability or to external factors such as shading and soiling. Where the mismatch between 
the cells is not very large it results in reduced PV module power rating, but under worst case 
shading, it can cause hot spot effects and damage the PV module permanently. 
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3 Dust Effect on Photovoltaic Modules 
 
3.1 Introduction 
Sand dust is a detrimental agent in most arid zones of the world; at least as far as solar energy 
applications are concerned. When particles are deposited on PV modules, they interfere with 
illumination quality by both attenuating and scattering incident light. The degree to which the 
particles interfere depends on their constitution, density, and size distribution [21]. Particles 
impinge onto a surface due to gravity, electrostatic charge or mechanical effects (wind or 
water droplets). After deposition, they are held by the variation of electrical potential near the 
surface (charge double layer), surface energy effects, and capillary effects, in addition to 
gravity and electrostatic forces [22, 23]. The roughness and structure of the surface also play 
a role in increasing the surface friction between the particles and the surface.  
Dust is present in most environments. The particle size and composition depend on the 
location [24]. In some regions, dusty weather conditions tend to be more severe than in 
others. For example, in Kuwait dust is present in 27% of daylight hours throughout May to 
August. It causes deterioration in visibility during dusty days (see Figure 3.1) [22, 23]. Dust 
eventually settles on exposed surfaces, creating a fine layer of accumulated dust. Different 
parameters are reported to influence dust accumulation such as gravitational forces, wind 
speed, wind direction, electrostatic charges and the wetness of the surface [5]. Of those 
parameters, the most dominating ones are the gravitational effect, particle size and wind 
speed [25-27]. Slow wind speeds increase the deposition of dust, while high wind speeds help 
to remove dust if the wind is incident in an appropriate direction [5, 6]. 
The random accumulation of dust on the PV module surface area can produce spots with 
varying concentrations of dust particles, as illustrated in Figure 3.2. These spots vary in shape, 
location and dust density. The variation in dust accumulation can lead to different 
transmittance of light into the module, thus leading to small random areas on the PV module 
with partial shading from incident solar radiation. 
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Figure 3.1: Falling dust and visibility at Kuwait international airport averaged for the years 
1981-1983. It should be noted here that visibility does not always relate to falling dust. It can 
be a factor of increased moisture in the air (mist), humidity, rising dust, and suspended dust. 
 
 
Figure 3.2: Accumulated dust on different PV modules installed in Kuwait on inclined 
configuration. The pictures showing washed out dust due to rain. The CIGS and mono-
crystalline-Si were installed from January 2010 and are not part of the outdoor measurements 
test. 
 
It appears obvious that dust has a direct effect by reducing the performance of solar PV 
modules. A progressive effect of dust has been reported for certain weather parameters such 
as relative humidity, rain and ambient temperature [26]. Settled as well as airborne dust both 
reduce the amount of solar radiation incident on the surface of a PV module [5]. Goosens and 
Van Kerschaever ran an experiment to show the relation between wind speed, airborne dust, 
settled dust and the reduction in PV cell short circuit current [6]. Using a wind tunnel 
experiment where they exposed a PV module to different dust concentration under variable 
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wind speed. They showed that there is a correlation between airborne dust, accumulated dust 
and the reduction in PV power output. Others have reported a relation between dust particle 
size, particle distribution, tilt angle and the reduction in transmittance of solar radiation [2, 
11, 28, 29]. Recently, Garcia et al. reported increase in the angle of incidence losses due to 
dust accumulation where a method is proposed to calculate the losses based on the difference 
between measured irradiance on reference cell and calculated from two pyranometer 
measurements [3]. Most of the work reported in relation to dust has considered the modules 
output performance. Some papers suggested that effective remedies could be casual cleaning, 
static devices and optimisation for tilt angle according to the dust information in the region 
[5, 7, 30, 31]. When cleaning is involved, different approaches where investigated based on 
using liquids such as water or cleaning detergent to break the adhesive force of the dust to the 
surface and then removing it by a rotating brush. Others report a special glass coating that 
promotes self-cleaning [32, 33]. The anti-dust coatings are based on either hydrophilic or 
hydrophobic materials that de-ionise the surface and support removal of dust. The costs and 
effectiveness of these methods are not yet known and will require further investigation. The 
variation of dust density on the tilted PV modules and the effects of dust on different PV 
technologies have yet to be investigated. 
With the various works reporting the dust effect on PV modules, it becomes clear that further 
comprehensive and quantitative information is needed, information that can be used to 
confirm the effect of dust and the main dust related parameters that impact PV module 
performance. Also fundamental understanding of why and how dust affects PV module 
performance is presented in this chapter to develop the baseline that is used to correlate dust 
effect in the later chapters of this thesis. This is done by means of explaining the relation 
between spectral transmittance and dust density, identifying the variation of dust density in 
dependence of module inclination and finally introducing the soiling ratio parameter which 
will be used widely in the later chapters of this thesis. 
 
3.2 Dust and Light Attenuation. 
The main issue with dust is the attenuation of the incident solar spectrum due to dust 
accumulation. This is influenced by wind and gravity (surface tilt) in addition to other 
removal and adhesive factors such as surface wetness and relative humidity. These effects 
were reported by Elminir et al [26] in addition to the reduction in transmittance due to an 
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increase in dust accumulation. Different authors reported that dust accumulates by forming 
layers. The first layer accumulates until it covers the surface, then a second layer will 
accumulate on top of the first layer [21, 26]. Although this effect simplifies modelling of dust 
accumulation, it does not represent the dust accumulation mechanism correctly because it 
involves many other variables that are not considered by the authors such as bounce/roll over 
of dust particles in addition to erosion effect. In order to better understand the dust 
accumulation pattern, Al-Hasan assumed an environment with zero wind effect and spherical 
particle shape [21]. The accumulation of dust on a horizontal surface plane is determined by 
uniform distribution of the number of particles occupying 1 cm2 area, where the total area 
occupied by the dust particles is determined then adjusted to the tilt angle on the surface and 
finally the transmittance is calculated by using Rayleigh scattering models. 
When dust particles are illuminated they will absorb and scatter the light, which will reduce 
the intensity of the light beam, this effect is known as extinction efficiency Qext. It is 
governed mainly by (α) which is the ratio of the particle size to the wavelength of the 
incidence irradiation [26]. The value of Qext can be very sensitive to the wavelength as for ߙ 
<0.3 Rayleigh scattering can be applied. The problem with using Rayleigh scattering lies 
mainly in the limitation to the range of ߙ >3 the extinction efficiency (Qext.) is more 
complicated and it follows the Mie scattering [21]. Although using Rayleigh scattering 
method may look appealing, it is limited to very small particle sizes, which does not reflect 
the real case where dust is a mixture of different particle sizes with diameters bigger than 
1.0µm. In another approach to set up the correlation between dust density and transmittance, 
Elminir et al reported a fitted equation from measured dust deposition density to the 
transmittance on a glass surface at zero degree tilt [26]. 
The main problem with fitted empirical equations is that they hold mostly true for the 
extracted sample, while dust material and deposition vary with location. Therefore a more 
general approach was used and that by simulating dust particle with Mie scattering method to 
get the scattering and extinction efficiencies. The scattering efficiency Qsca follows from the 
integration of the scattered power over all directions and the extinction efficiency Qext follows 
from the Extinction Theorem [34, 35] also called Forward-Scattering Theorem, leading to: 
Qsca=
2
ݔଶ෍ሺ2݊ ൅ 1ሻሺ|ܽ௡|
ଶ
ஶ
௡ୀଵ
൅ |ܾ௡|ଶሻ  (3.1)
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Qext=
2
ݔଶ෍ሺ2݊ ൅ 1ሻܴ݁ሺܽ௡
ஶ
௡ୀଵ
൅ ܾ௡ሻ  (3.2)
an= 
m2jnሺmxሻൣxjnሺxሻ൧
'
- μ1 jn(x)ൣmxjnሺmxሻ൧
'
m2jnሺmxሻሾxhnሺxሻሿ'- μ1hnሺxሻൣmxjnሺmxሻ൧
' 
(3.3)
bn= 
μ1jnሺxሻሾxhnሺxሻሿ'- μ1hn(x)ൣmxjnሺxሻ൧
'
μ1jnሺmxሻሾxhnሺxሻሿ'- hn(x)ൣmxjnሺmxሻ൧
' 
(3.4)
Where an and bn (equation 3.3 and 3.4) are Mie coefficients [36] used to compute the 
amplitudes of the scattered field as part of a spherical Bessel functions hn and jn of the order 
n. ‘m’ is the refractive index, m=m’+ im” used as input parameters of a sphere (relative to the 
ambient medium) where m’ is the real part and m” is the imaginary part [36]. μ1 is the ratio of 
the magnetic permeability of the sphere to the magnetic permeability of the ambient medium. 
While x is the size of the particle and is defined as: 
ݔ ൌ ܽ ൬2 ߨߣ ൰ (3.5)
Where a is the radius of the sphere and λ is the wavelength in the ambient medium. Finally 
the absorbance efficiency can be calculated as based on the Energy Conservation law as in 
equation 3.6. 
Qabs=Q௘௫௧- Qsca (3.6)
As the major component of dust in our case is predominantly SiO2, the refractive index for 
fused quartz was used. The calculations reported later were carried out with MATLAB, the 
base material (see also Table 3.2) albeit with a different refractive index compared to that 
reported in the literature [37], see Figure 3.3. Particle size varied from 1 up to 6 µm diameter. 
The attenuation effect with respect to the wavelength was clearly shown in the lower particle 
size (1-3 µm). The transmittance curve was obtained from the absorption curve of the Beer-
Lambert law for transmittance (equation 3.7), and are shown in Figure 3.4. 
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TTransmittance=(10
2-ொabs).100 (3.7)
 
 
Figure 3.3: Imaginary part of the refractive index comparison between literature and 
measured value. A clear dependency on the wavelength to the imaginary part of the refractive 
index is shown in the wavelength range of 300-700 nm. Additionally the effect of particle 
size is mainly limited to the smaller particles m” <1.1 µm. The extracted m” from the 
measured dust sample in CREST shows similar pattern to the ones presented from literature 
especially since it represents the actual mixture of different particle sizes. 
 
  
Figure 3.4. Absorbance relation with respect to transmittance and particle size.  
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The calculations showed that with an increase in particle size the attenuation becomes less 
apparent at short wavelengths, thus less scatter happens at this stage (at short wavelength and 
large particle size) while at smaller particles size (≤ 3.0) more scatter happens. Little could be 
done to confirm the internal scatter between the particles layering on top of each other due to 
the limitation of the computational tools. However, this effect was reported indirectly by 
recent publications where further reductions in the module output with larger particle sizes 
were reported but the reason behind it was not explained. Also [38] reported similar effects 
but with additional explanation that the smaller dust particles lead to a higher scatter of light 
when compared to larger particles. In this work, this is explained with the spectral 
dependency of the scatter and absorbance of smaller particle size to the wavelength that is 
clearly shown in Figure 3.5 - Figure 3.7. This effect can lead to the spectral dependency of 
dust mixtures on smaller particles that can lead to higher attenuation of light intensity around 
the visual range of the solar spectrum. The fluctuation shown in Figure 2.5-Figure 2.7 is due 
to the spherical harmonics when using Mie scatter which are also sensitive to the particle size 
as reported by [34, 35]. 
 
 
Figure 3.5: Computed scatter efficiency obtained for dust particles 1, 3 and 6 µm at 
wavelength from 300-1200 nm with Mie Scatter method.  
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Figure 3.6: Computed absorbance efficiency obtained for dust particles 1, 3 and 6 µm at wave 
length from 300-1200 nm with Mie Scatter method. 
 
 
Figure 3.7: Transmittance of 3 different dust particles obtained with forward scatter theorem 
(Mie Scatter). The spectral dependency of the smaller particle size is clearly shown here at 
the visible range where it agrees with the scatter plot at Figure 3.5. 
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3.3 Dust Measurements  
Different studies reported a correlation between dust and PV system output [5, 39]. In most 
cases, the output from PV modules were correlated to the percentage of accumulated dust but 
no direct approach was provided for quantifying it, making their results less usable in PV 
performance prediction and analysis. Therefore more quantitative measurements of dust are 
needed to predict module performance, which is why a new approach was developed for this 
thesis. This is explained in the following sections. 
Dust samples were collected using a collecting vessel that was left outdoors for a number of 
days in a dusty season in Kuwait. The collected dust particle distribution was measured under 
microscope and processed by an image analysing software. They were then parameterised 
using Krumbein Phi scale (equation 3.8) as the sorting criteria due to its larger descriptive 
sorting ranges compared to principle of classification of soil (ISO14688-1). 
Phi = െ logଶ ܦ (3.8)
Where D is the particle diameter in millimetre (mm) [23]. The material composition was 
measured with X-Ray Diffraction (XRD) analysis also known as XRD mineral analysis 
method in a materials laboratory. The sample was then deposited in the lab onto a 2.0 cm x 
2.0 cm area using a 5.0 cm x 5.0 cm Soda Lime glass with a thickness of 1.0 mm. The 
deposition of dust was done by free fall from 1.0 m height using a cylindrical tube to 
minimize the effect of wind currents in the lab, see Figure 3.8. The weights of the samples 
were measured using a Mettler AE260 Delta range balance with sensitivity of 0.1 mg. Due to 
being easily disturbed with movements as is the nature of dust particle placement when 
deposited on a glass it became necessary to use a method of encapsulation. Another sheet of 
glass to encapsulate the dust preserves it during the transportation and movement in the 
measurement stage. Finally, the transmittance of each sample was measured using a Cary 
5000 spectrophotometer at 1 nm measurement resolution. 
The encapsulated sample spectral transmittance was repeated three times each to ensure 
repeatability and to measure deviations in the measurements due to double glass 
encapsulation, reflection between the glass layers and the effect of electrostatic charges 
collected on the glass. It was noted that when the sample edges are shielded by conductive 
metal frame and grounded, the average percentage difference between the shielded and non-
shielded samples was 1.9%, and the average percentage deviation between the repeated 
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samples improved from 7.5% to 1.8%. The transmittance of a clean (non-dusty) encapsulated 
glass sample was measured and used to correct the sample measurements (avoiding 
wavelengths below 300nm due to the filtering property of Soda Lime glass). 
 
 
Figure 3.8: Dust deposition template on the glass sample using free fall. 
 
To investigate the effect of tilt angle on dust accumulation, a number of 4.0cm x 4.0cm heat 
tempered glass samples were installed in a dusty environment in Kuwait for a period of one 
month. The samples were placed facing south, with tilt angles of 0o, 15o, 30o, 45o, 60o and 
90o. The samples were then encapsulated with another sheet of glass and an edge sealant (see 
Figure 3.18) and divided conceptually for analysis into three sections: top, middle and 
bottom. The spectral transmittance of each section of each sample was measured using a 
spectrophotometer and then the non-uniformity of each sample was calculated using equation 
3.9. 
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Where At is the integral of the spectral transmittance data at specific dust concentration. The 
spectral transmittance data obtained from the dust samples was then used to estimate the 
effect on device performance by calculating an apparent spectral response for a variety of 
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different devices. Data used for this experiment was delivered by ESTI and consisted of a 
data-set of quantum efficiency measurements of 9 crystalline silicon (c-Si), 3 amorphous 
silicon (a-Si), 2 copper indium gallium diselenide (CIGS) and one cadmium telluride (CdTe) 
modules. The modified data are used to correlate the effects of dust on different PV 
technologies. The impact on performance was then simulated using different solar spectra 
generated using of the programme ‘Simple Model of the Atmospheric Radiative Transfer of 
Sunshine’ (SMARTS), taking into account the tilt angle of the surface planes. This was then 
combined in MATLAB to generate soiling ratios. Soiling ratios are defined here as the ratio 
of dusty to clean photocurrent [7] for different technologies under variable tilt angle, air mass 
(AM) and dust concentration as explained in Figure 3.9. 
 
 
Figure 3.9: Detailed analysis procedure used in this work. 
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3.4 Uncertainty of the Measurements 
A small gap between the glass sheets may change the spectral transmission due to multiple 
reflections and scattering within the optical system. This effect was quantified by comparing 
measurements of dust samples deposited on one sheet and then encapsulated with the second 
sheet and the results are shown in Figure 3.10. The features of the transmittance curve were 
conserved when adding the second sheet of glass as long as the dust concentration was below 
7.5 mg/cm2. Dust densities of 9.7 mg/cm2 and higher exhibit a slight change. The average 
variation between the one and two sheets measured sample transmittance was found to be 
1.9% with maximum deviation of 3.4% and minimum of 0.15% which was found in the 
lower density measurements in comparison to 0.08% of average standard deviation for 
repeatable point to point measurements. This is marginal in comparison to the magnitude of 
effects being reported in this paper, thus confirming the validity of the chosen approach of 
encapsulating the samples with a second sheet of glass. 
 
 
Figure 3.10: Dust transmittance measurements with one and two sheets of glass. 
 
3.5 Sediment Characterisation 
Dust samples for sediment characterisation were collected in Kuwait during two time 
intervals, May 2010 and May 2011, for a period of 30 days each. The particle distribution 
was analysed using an Olympus CX41 microscope and image processing software (Olympus 
image analyser and Image J) to determine the grain size distribution as shown in Figure 3.12. 
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The two dominant types of sediment identified in the samples collected (in number of 
particles) where clay and different kinds of silt, as quantified in Table 3.1. The sample used 
in the following simulations was sample two (collected in 2011). The grain size distribution 
in this sample was found to be mainly of clay and fine silt. The other sediments types were 
distributed between coarse, medium and very fine silt (see Table 3.1). An XRD elemental 
analysis was used to determine the dust samples material components (Table 3.2). The 
dominating components of the two samples were determined by means of the scale factor 
which is the rate of agreement between the measured refractive light beam and the 
compounds match in the data base (Figure 3.11). The dominating compound was found to be 
of quartz followed by calcite and albite, as shown in Figure 3.13. This supports the 
assumption made in the previous section for selecting quartz as the base material for the Mie 
calculation analysis. 
 
Phi D(µm) % of the total sample Grain type 
0.0 - 1.0 1000-500 0.00 Coarse grained 
1.0 - 2.0 500-250 0.00 Medium grained 
2.0 - 3.0 250-125 0.82 Fine grained 
3.0 - 4.0 125-63 4.78 Very fine grained 
4.0 - 5.0  63 - 31 8.16 Coarse silt 
5.0 - 6.0  31 - 16 16.47 Medium silt 
6.0 - 7.0  16 - 8 23.82 Fine silt 
7.0 - 8.0  8 - 4 20.19 Very fine silt 
< 8.0 < 4 25.75 Clay 
Table 3.1: Dust grain distribution and sediment types 
 
 
Figure 3.11. Comparison between measured compound materials in the dust sample by means 
of the scale factor. 
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The microscope pictures shown in Figure 3.13 show various distributions of particle size and 
shape, where in section 3.2 the Mie scattering results were based on spherical modelling of 
the particle shape to simplify the calculations. The deviations from an approximation of 
spherical shape, i.e. less uniform shape, will always increase the scattering effect. This is due 
to the non-uniform area of the particle shapes, which means that the attenuation effect in the 
real sample can happen not only due to the particle size mixture, but also due to the deformed 
particle shapes. Therefore, even though the Mie scatter can provide a valuable tool to 
simulate attenuation due to dust accumulation, it cannot provide a quantitative tool, and thus 
a practical and case specific measurement is needed to simulate these effects. 
 
Compound Name Chemical Formula 
Quartz SiO2 
Calcite CaCO3 
Albite, calcian, ordered (Na, Ca) Al(Si, Al)3 O8 
Dolomite CaMg (C O3)2 
Muscovite KAl3Si3 O10 (OH)2 
Palygorskite Mg5 (Si, Al)8 O20 (OH)2 8H2O 
Lizardite-1T Mg3Si2 O5 (OH)4 
Kaolinite 1Md Al2Si2O5 (OH)4 
Table 3.2: Dust sample material composition obtained using XRD analysis method. The 
Scale Factor represents the ratio of match between the modelled and experimental data where 
it is used as an indication of highest match ratio that is found for a specific material. In this 
table it indicates that Quartz has the highest scale factor ratio and thus it composes the 
majority of the sample compound. 
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Figure 3.12: Probability distribution of the counted samples 
 
 
Figure 3.13: Dust grains, picture taken with microscope from the left at 5X and 20X 
amplification rate. The picture to the left shows a maximum of 3 overlapped layers with dust 
particles covering 40% of the total area of the sample size of 0.5mm x 0.4mm.  
 
3.6 Dust Concentration 
The measured transmission of the deposited dust on the glass reduces more for shorter 
wavelengths (300 nm - 570 nm region) than for longer wavelengths, as shown in Figure 3.14. 
The small discontinuity in the transmittance curve at 350 nm and 800 nm happens during the 
detector change in the spectrophotometer and is a normal measurement uncertainty for the 
device used. 
100µm 100µm
To
ta
l N
o.
 
Overlapped 
particles 
35 
It is shown in Figure 3.15 and Figure 3.16 that for dust densities above 19 mg/cm2 the 
wavelength-dependence of the transmission reduction is significantly reduced. For 
wavelengths > 570 nm the variation between density-transmittance curves with respect to 
average is 2.5% while for wavelengths <570 nm at dust concentration less than 19 mg/cm2 it 
is 11%. Thus, dust affects shorter wavelengths more severely. This is shown in Figure 3.16 
by means of large variation in transmittance curves ≤ 600nm in comparison to the > 600 nm 
at the specified wavelengths. The variation in the shape of the curve (i.e. the bumps) are 
partially related to the uncertainty in the measurements and the deposition procedure 
especially due to the control procedure of the dust deposition on the glass samples.  
It was found that the spectral effects matched the behaviour that was found when dust 
particles were modelled as Mie scatter (see Figure 3.17), with some expected minor 
deviations for the reasons explained above. The attenuation with respect to the wavelength 
was shown clearly in the lower particle size (1-3 µm) in the Mie simulation, see Figure 3.17. 
The simulation demonstrates that Mie scatter happens largely for smaller particle size (<6µm) 
where the attenuation of the wavelength become more apparent, especially at lower 
wavelength. Although not much could be done to confirm the internal scatter between the 
particles layering on top of each other due to the limitation of the simulation tools, also the 
possible enhancement of the scatter effect due to irregular particle shapes, this approximation 
seems to confirm the measurements. Therefore it can be confirmed that the spectral 
dependent effect of the transmittance curve obtained from the dust samples is due to the 
smaller particle size and material refractive index mixture of the sample. 
 
 
Figure 3.14: Measured spectral transmittance curves for different dust density samples. 
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Figure 3.15: Measured transmittance at different dust densities showing the variation of 
transmittance in dependence of dust density at different wavelengths. 
 
 
Figure 3.16. Normalised measured transmittance to transmittance at dust density of 19 
mg/cm2 for different wavelengths. The graph shows dependence of transmittance to the dust 
density and wavelength. 
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Figure 3.17. Spectral transmittance comparison between measured data at 15.9 mg/cm2 and 
modelled combined transmittance data with Mie scatter at particle ratio distributions of 
1µm=60%, 3µm=30%, 6µm=7%, 11µm=3%. 
 
3.7 Tilt Angle 
The variation of dust accumulation on tilted surfaces was shown in the spectral transmittance 
data obtained from measuring the dust samples collected in Kuwait in the period from 
9/2009-10/2009 (Figure 3.18). The dust samples were encapsulated and spectral 
transmittance was measured at three different areas, top, middle and bottom see Figure 3.19. 
Two general trends were observed in the spectral transmittance data shown in Figure 3.19. 
The first trend shows that dust accumulation decreases with increasing tilt angle. This can be 
explained by gravity affecting the dust samples more at higher tilt. Another explanation is 
due to higher cleaning of dusted samples by rain. The second trend is shown more clearly in 
Table 3.3, where transmittance through the tilted samples decreases toward the bottom. In 
Figure 3.20 the 90o (vertical) showed a non-uniformity of only 0.21%, in comparison to the 
30o which showed 4.39% non-uniformity between the top, middle and bottom sections. The 
0o showed a higher variation than that at 15o. This can be attributed to the higher dust density 
of the 0o sample which made it more sensitive to environmental effects such as wind 
direction and rain water accumulation in comparison to the tilted samples. In addition, the 30o 
installation allows water to slide down allowing more dust to settle at the bottom than at the 
top area, creating a very clean area at to the top of the sample and very dusty area at the 
bottom. 
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Figure 3.18: Left, Dust samples encapsulated between two layers of 2mm glass. Each sample 
is labelled with the tilt angle it was installed at. Minimal gravitational effect can be shown 
clearly on the zero tilt. The picture to the right shows the dust distribution of the zero degree 
tilt sample 
 
 
Figure 3.19: Measured spectral transmittance curves for different tilted samples collected 
from outdoors at 0, 30 and 90o. B=bottom. M=middle and T=top. 
 
The variation of the transmittance through the tilted samples is affected by the variation of 
dust density at different positions on the sample. The spectral transmittance data for the tilted 
samples were fitted to the data measured in section 3.6 of the dust density range of 1-4.5 
mg/cm2 to identify the dust density of the tilted samples at the different measured locations 
using linear regression between the selected dust density ranges. The obtained density 
variation data with transmittance at specific wavelength for the tilted samples are shown in 
Figure 3.21 where the calculated values for the different locations for tilted samples are 
shown in Table 3.3. The results in Table 3.3 agree with the results obtained in Figure 3.20 
 
60
65
70
75
80
85
90
95
100
360 480 600 720 840 960 1080 1200
T 
(%
)
Wavelength (nm)
0-B
0-M
0-T
30-B
30-M
30-T
90-B
90-M
90-T
Tilt-Location
30° 45° 15°
60° 90° 0°
39 
where the sample tilted at 30o showed the worst case variation of 1.4 mg/cm2 in dust density 
in comparison to the 90o with only 0.1 mg/cm2 of variation between top, middle and bottom 
sections of the sample. The 0o sample showed a higher variation than that at 15o. This can be 
attributed to the higher dust density of the 0o sample that made it more sensitive to 
environmental effects such as wind direction and rain water accumulation in comparison with 
the tilted samples. In addition, the 30o allowed water to slide down, allowing more dust to 
settle at the bottom than at the top area, thus creating a very clean area at the top of the 
sample and a very dusty area at the bottom. 
 
 
Figure 3.20: Non uniformity of transmittance at different tilt angles [%] calculated using 
equation 3.9. 
 
 
Figure 3.21: Transmittance density curves obtained by fitting the spectral transmittance 
curves for the tilted samples into measured dust density curves obtained in section 3.6. 
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0o 
(mg/cm2) 
15o 
(mg/cm2) 
30o 
(mg/cm2) 
 B M T B M T B M T 
AVG 3.6 3.0 3.5 2.4 2.1 2.4 2.7 1.8 1.3 
MAX 4.3 3.8 3.9 3.1 2.8 3.1 3.3 2.4 1.9 
MIN 3.2 2.6 3.2 2.0 1.8 2.2 2.4 1.5 1.0 
STD 0.3 0.3 0.2 0.3 0.3 0.2 0.2 0.2 0.2 
 45
o 
(mg/cm2) 
60o 
(mg/cm2) 
90o 
(mg/cm2) 
 B M T B M T B M T 
AVG 1.1 1.5 1.3 1.3 1.2 1.0 0.3 0.2 0.2 
MAX 1.7 2.0 1.9 1.7 1.7 1.5 0.5 0.4 0.4 
MIN 0.9 1.2 1.1 1.1 1.0 0.8 0.03 0.04 0.05 
STD 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.1 
Table 3.3: Fitted dust density (mg/cm2) values for the tilted dust samples. B=bottom, 
M=middle and T=top. 
 
3.8 Estimating the Performance Effect Due to Spectral Changes 
The first step to quantify the effect that dust has on PV cells is to examine the effect of the 
transmittance curves on the spectrum. The AM1.5G standard spectrum [17] was multiplied 
with the different spectral transmittance curves at 4.25, 14, 19 and 30 mg/cm2 dust densities.  
Spectral response data for different PV technologies supplied by ESTI were multiplied by the 
modified spectrum in order to identify if different technologies are affected differently. The 
corrected curves show a variation between different technologies with regard to the same 
spectral transmittance dust curves as shown in Figure 3.22 and Figure 3.23. In Figure 3.22, 
samples of c-Si module spectral response data were corrected with 4 dust spectral 
transmittance curves while Figure 3.23 shows the same transmittance curves applied to a-Si, 
CIGS and CdTe PV modules. The spectral photocurrents shown in Table 3.4 were obtained 
by integrating the area under the product curve of AM 1.5 and the modified spectral 
responses in Figure 3.22 and Figure 3.23. 
From Table 3.4, it can be seen that wide band gap materials (a-Si and CdTe) are affected 
more than the c-Si and CIGS modules when covered with dust. This can be correlated to the 
high band gap of the affected modules that have effective spectral response ranges between 
300 nm to 800 nm where the spectral transmittance through dust decreases more strongly 
than at longer wavelengths. 
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Figure 3.22:Spectral response of c-Si modules corrected for 4 different spectral transmittance 
dust curves, D1=4.25mg/cm2, D2=14 mg/cm2, D3=19 mg/cm2 and D4=30 mg/cm2. 
 
 
Figure 3.23: Spectral response of thin-film modules corrected for 4 different spectral 
transmittance dust curves, D1=4.25mg/cm2, D2=14 mg/cm2, D3=19 mg/cm2 and D4=30 
mg/cm2. 
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Density 
(mg/cm2) 
a-Si CIGS CdTe c-Si 
1.2 -10.8% -9.1% -9.7% -9.1% 
4.25 -33.0% -28.5% -30.1% -28.6% 
14 -66.0% -59.6% -61.9% -59.6% 
19 -77.4% -70.6% -73.1% -70.6% 
30 -98.4% -97.8% -98.1% -97.8% 
Table 3.4: Percentage difference variation between clean module data and those corrected for 
the spectral photocurrent. 
 
3.9 Soiling Ratio 
Because dust causes spectrally selective attenuation of irradiance, the short circuit current 
behaviour can be used as indication of the dust effect on a PV module. The short circuit 
current of a PV module is affected largely by irradiance and is less affected by temperature. 
To further quantify the effects of dust, the effects of different spectra were simulated. Using 
SMARTS [40] to account for the effect of tilt angle, different spectrum data were generated 
under tilt angles from 0o to 90o and AM values in the range 1-10. A MATLAB code was 
generated to integrate all the data together and generate a different photocurrent value under a 
range of dust density, AM and tilt angle values. Finally, the soiling ratio was obtained by 
dividing the dusty photocurrent over the clean value where a soiling ratio of 1.0 means there 
is no soiling on the PV module while 0 soiling ratio means maximum soiling effect. The full 
processing procedure is shown in the flow chart in Figure 3.9. This procedure was repeated 
for tilt angles 0o-90o, AM 1-10 and different PV technologies spectral response data. 
The results for AM 1 and AM 6 at with 0o tilt and 90o tilt are shown in Figure 3.24 and Figure 
3.25 respectively where the step change is due to the uncertainty in the dust spectral 
transmittance measurements. The values obtained from Figure 3.24 and Figure 3.25 can be 
used to further quantify effects of dust on realistic operation of modules by comparing a clean 
module’s short circuit current with the short circuit current of a module affected by dust. 
Narrow band-gap technologies such as mono or polycrystalline silicon have a better soiling 
ratio when compared to other technologies such as CdTe and a-Si, as expected from the 
discussion above. This is clearly seen when looking at the variation between the curves at 
Figure 3.24 and Figure 3.25 where the lowest soiling ratio obtained at a fixed dust 
concentration of 2.3 mg/cm2 and AM1.0 for c-Si, a-Si and CdTe are 0.908, 0.894 and 0.904 
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respectively. On the other hand, at 2.3 mg/cm2 and AM6.0 the soiling ratio for c-Si is 0.914, 
a-Si is 0.9 and CdTe is 0.908. Those values in addition to the clear variation between the 
soiling ratio in Figure 3.25 underline the variation of impact on different PV technologies, 
where the losses are worse for wider band-gap technologies and lower air mass values. The 
effect of tilt angle is also more apparent at lower air mass values and is even worse for wide 
band-gap technologies such as amorphous silicon as shown in Figure 3.25 where it is shown 
that lower values at AM 1 than that of other technologies. Thus the soiling ratio data can be 
used to determine the absolute orientation to be used for different technologies under 
different air mass values.  
 
 
Figure 3.24: Soiling ratio for different technologies at AM 1 and AM 6 at 0o tilt. 
 
 
Figure 3.25: Soiling ratio for different technology at AM 1 and AM 6 at 90o tilt. 
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3.10 Conclusions 
It is shown that there is a relation between dust density and spectral transmittance, especially 
for lower amounts of dust deposited on photovoltaic panels. At higher concentrations of dust 
(>19 mg/cm2), the effect of wavelength becomes marginal. It is also shown that dust 
predominantly affects the shorter wavelength regions and as such affect wide band-gap 
materials disproportionally. Transmittance is spectrally less selective at longer wavelengths 
(>600nm). This effect is explained by Mie scattering, where smaller dust particle size ≤ 3 µm 
play a major role in attenuating the transmittance.  
The effect of tilt angle is directly related to the amount of dust density variation on the 
surface. The 90o tilt angle showed the least variation of dust accumulation of 0.1 mg/cm2 due 
to the fact that gravity affects it the most and supports the process of dust removal over time. 
The sample tilted at 30o, which is the optimal tilt angle for PV modules in Kuwait regarding 
energy generation, showed the highest variation of dust accumulation of 1.4 mg/cm2 with 
most of dust settling toward the bottom of the sample.  
Dust reduces PV output by attenuating irradiance in a spectrally-dependent manner. This can 
be seen in the effect on the spectral response data. The effect is not the same magnitude for 
all types of PV technology because the spectral transmittance affects various spectral 
response shapes differently. The effect is worse for the PV modules with a wider band gap 
such as a-Si and CdTe technologies which showed a 33% reduction in photocurrent when a 
concentration of 4.25 mg/cm2 of dust was applied. In comparison, c-Si and CIGS 
technologies showed 28.6% and 28.5% reductions at the same dust density. 
The effect of dust on PV modules can be monitored in a manner of the ratio between short 
circuit current of the module affected by dust over the short circuit current of the clean 
module. This value can be reproduced in the lab with the combination of dust samples 
obtained from the specific region that the measurement of dust effect is desired, spectral 
response data of the technology in question and with the combination of simulated data from 
SMARTS. This can be used as an identifier to show the absolute effect of dust density and to 
clearly differentiate this effect for various PV technologies. 
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4 Dust Accumulation and Distribution Uniformity on Photovoltaic 
Modules 
 
4.1 Introduction 
This chapter focuses on the investigation of various scenarios of non-uniform dust 
accumulation seen in realistic outdoor operation of PV modules. To do that a spatially-
resolved 3-dimensional model is developed utilizing the circuit analysis software PSPICE to 
investigate the spatially-resolved effect of dust shading on Cadmium-Telluride photovoltaic 
(PV) thin film modules. Dust concentration and tilt angle effects on the PV module 
performance are investigated by means of long- and short–term exposure to dust formation 
types. The possibility of localized hotspot formation in different installation orientations is 
investigated in addition to operating temperature variation.  
Sand dust is a detrimental factor as far as solar energy applications are concerned in most arid 
zones of the world. When foreign particles fall on PV modules, they reduce illumination 
intensity and incident spectrum by absorbing and scattering light. The degree to which the 
dust interferes depends on its constitution: particle materials, density, shape and size 
distributions [21]. The accumulation of dust on the PV module surface area can produce spots 
with varying concentrations of dust particles, as shown in Figure 4.1.These spots vary in 
shape, location and concentration. The variation in dust accumulation in any place can lead to 
different transmittance of light into the module, thus leading to small random areas on the PV 
module with less incident solar radiation. This effect is equivalent to inhomogeneous shading 
of the module leading to increased risk of hot spots, i.e. when the operating current of a 
module exceeds the short-circuit current of the worst affected cell [8, 10, 11]. When this 
occurs, the affected cells are forced into reverse bias and thus dissipate power, typically as 
heat. 
The effects of mismatch can be protected against by using bypass diodes, as done e.g. in 
mono- or polycrystalline photovoltaic modules. The PV module is protected through the use 
of bypass diodes across a substring of several cells. Thin film devices, such as amorphous 
Silicon (a-Si) and Cadmium Telluride (CdTe), are more sensitive to mismatch [41]. This is 
due to the construction method of these modules and the resulting difficulty in integrating 
bypass diodes. Furthermore, cells cannot be pre-sorted before assembly into modules because 
the materials are deposited directly on the module substrate and thus the non-uniformity of 
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deposition across the plate will always cause a certain unavoidable mismatch. 
A common installation recommendation is to install thin film modules with their cells 
oriented vertically to the plane (Figure 4.2), which can make the modules less sensitive to 
shading. The reason is that the probability of a cell being fully shaded by dust or dirt 
coverage is reduced. Typically, only a portion of the cell will be shaded, which may not 
affect the module output greatly [2]. Though holding true in some cases, this claim does not 
take into consideration that hot spotting does not necessarily occur when a cell is fully 
shaded. Hot spotting can also happen when a cell, or group of cells, are partially shaded [8, 
10, 11, 29]. Reverse biasing can happen  which then drives the worst cell into breakdown 
conditions. This effect can lead to unrecoverable damage to the cell due to hot spotting in the 
long run. 
 
 
 
Figure 4.1. Accumulated dust on PV modules installed at 0° tilt in Kuwait, from the top, 
CdTe and micromorph.  
 
Micromorph
CdTe
Light rain effect
Long term dust washed with rain  
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Figure 4.2. Horizontal and vertical orientation configuration of cells. 
 
In this work, the focus is on thin film technology, specifically CdTe modules, as they fall into  
the category of modules not protected by internal bypass diodes. CdTe modules have a 
contribution to the non-ohmic back contact which may produce an interesting artefact when 
dust and temperature affect the module where it will be explained in section 4.2. In addition, 
section 3.8 of this thesis showed that PV devices made of material with wide band gap, such 
as CdTe and a-Si, are potentially more affected by dust than narrow band-gap materials due 
to the wavelength-dependent attenuation of irradiance by different particle size distributions 
of dust. A 3-dimensional model (S3DM) was developed to simulate the spatially distributed 
effects involved in dust effects. A number of possible scenarios seen in outdoor operation are 
investigated. The effect of dust is modelled using dust density values obtained from section 
3.7, where a relation was determined between dust density and accumulation on different tilt 
angles. 
The investigation of solar cells or modules electrical parameters or properties builds on 
previous work on spatially distributed analysis [19, 42]. Similar work has been done by 
investigating the influence of the variation of solar radiation and physical properties of the 
cell on the overall performance and efficiency. Other authors have presented different 
approaches for spatially-resolved modelling over the years. A series-connected 2 dimensional 
(2D) model was reported by Burgelman and Niemegeers for simulating CIS and CdTe 
module efficiencies [43]. Another model utilizing a-Si was also reported [44]. Other models 
included different layers of the PV cell to better understand the effect of each part on the 
performance of the whole cell [45-47]. Galiana et al. reported a 3D model which accounts for 
the cell’s transparent conductive oxide (TCO) and back sheet contacts [48]. Others accounted 
for the cell dimensions in the form of calculated resistivity [19]. This work was mainly 
adopted from Vorasayan’s distributed 3 dimension model (D3DM) focusing on the 
idiosyncrasies of voltage dependant of amorphous silicon technologies. But before 
proceeding into modelling, it is important to understand the distributed analysis and spatial 3 
Surface plane
Vertical
configuration of cells
Horizontal configuration
of cells
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dimensional modelling of the PV cell. Finally modelling will be applied to different scenarios 
to identify the dust accumulation effect of PV modules. 
 
4.2 PV Modelling Concept 
The use of the one diode model for different types of PV technologies is possible, with some 
modifications to accommodate for differences in cell technology. As mentioned before, this 
part of the thesis focuses mainly on CdTe technology due its sensitivity to dust spectral 
attenuation. Since CdTe is a polycrystalline heterojunction, the standard one diode module 
can be applied with only slight modification to account for the back diode effect [49]. 
It was reported for typical CdTe cell that the device I-V curves show a limiting current in the 
forward bias as shown in Figure 4.3 [50, 51] which leads to other consequences affecting 
linearity of the device parameters as shown in  Figure 4.4. This effect can be attributed to the 
device structure where, in CdTe case, the non-ohmic back contacts are reverse-biased 
Schottky diodes. Thus the devices have been reported to have a “back diode effect”. The back 
diode is not represented as a part of the active photovoltaic material and it influence is only 
on the series resistance [52]. Thus the equivalent circuit is represented by that shown in  
Figure 4.5. 
As it shown in the modelled circuit, the back diode is reversed biased, though it was reported 
that it does not need to reach a break-down for normal operating conditions [51]. The reason 
for that is the voltage of the cell is in the magnitude of less than one volt, while a break-down 
voltage is in the range of several volts. This model can be solved in the same manner as the 
standard one diode model with only a difference in calculating Vj, as the back diode has to be 
accounted for: 
௝ܸ ൌ ܸ െ ܫ ܴ௦ െ ஽ܸ஻ (4.1)
49 
 
 
 Figure 4.3: Temperature dependant, forward current limiting effects in CdTe technologies as 
shown by the dark I-V curves [53]. I-V curve data simulated using a back diode model with 
PSPICE software 
 
 
 Figure 4.4. Normalised Isc, Voc, Pmpp and FF at different temperatures 
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 Figure 4.5: Electrical circuit representation of the standard model with added back diode to 
represent the limiting effect caused by back contacts in CdTe and CIGS. 
 
 The back diode can be modelled as a Schottky diode. The voltage across the diode is given 
by: 
VDB= 
K T
q  ln ൬
I
IBD
+1൰ (4.2)
 The IBD in this equation represents the saturation current of the back diode which is 
exponentially dependant on the temperature [46][48]. Modifying equation 2.5 with the back 
diode one obtains: 
IሺVሻ=Io ቆe൬
௤	ሺ	௏	–	ூ	ோೞ	ି	௏ವಳሻ௡	௄	் ൰ - 1ቇ  + V – I Rs- VDB
Rsh
- Iph (4.3)
This is known as the back diode model, modified by Stollwerck to represent the behaviour of 
CdTe and CIGS technologies [54]. 
 
4.3 Distributed Analysis and Spatial 3 Dimensional Modelling 
A one dimensional model usually consists of a one diode model with additional lateral 
resistance Rs,Lat. In our case, and as shown in Figure 4.6, the model is made of two diodes IDJ 
& IDB, photocurrent source Iph, shunt resistance Rsh and series resistance Rs. The series 
resistance in this case is the bulk resistivity of the semiconductor material and is represented 
as Rs without the contribution of the contact layers resistivity. 
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Figure 4.6: A single unit back diode model taking into consideration the lateral resistances 
(RsLa-TCO, RsLa-Al) for the TCO and the aluminium back contacts. Also the input resistances 
(Rin) and (Rbc) which represent the ribbon and contact resistance were included. 
 
For simplifying the model, each group of modelled sub-cells, as illustrated in Figure 4.7, 
were connected in parallel to each other to form a cell via the RsLatTCO, which represents the 
lateral resistance of the TCO. RsLatAl is the resistance introduced by the back aluminium 
contacts. The PV cells are then connected in series via an input resistance Rin which 
represents the monolithic contacts resistance. Additional resistances are arising from terminal 
contacts (Rc) and the ribbons at the end of module (Rb) are used at the module terminals. 
These two resistances are combined in the model, as their effect is not distinguishable 
mathematically. They are represented as (Rbc). The number of cell combinations can be 
increased although the terminal connection method will still be the same as shown in the 3D 
diagram in Figure 4.8 representing two connected cells where each cell is made of 3x3 sub-
cells. 
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Figure 4.7: Electrical representation of the 2x2 sub-cells connected together to form one cell 
in PSPICE 
 
 
Figure 4.8: A single unit back diode model duplicated and connected together to form a 3 
dimensional block, taking into consideration the lateral resistance (RsLa-TCO, RsLa-Al) for the 
TCO front and the aluminium back contacts. The input resistances, represented by the cell 
interconnect and module contact resistances (Rin) and (Rbc), were also taken into 
consideration. 
 
It was reported by Monokroussos et. al. [12] and Brecl et. al. [55] that small variations exist 
between their distributed model, a global one diode model and actual measured cell data. The 
discrepancies have been shown to decrease by increasing the number of virtual sub-cells used 
for the distributed model [44]. A verification of this effect was conducted by simulation of a 
single CdTe cell of area 1.0cm2 operating at 25oC, 1000W/m2 and air mass 1.5. The cell was 
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divided into a number of sub-cells varied from 1, to 8, 16 and 64. The simulation results are 
shown in Figure 4.9 where the fill factor (FF) properties of the cell with active area divided 
into 1, 8 or 16 divisions differ from the properties of the cell with 64 divisions relatively by 
1%, 0.8% and 0.2%, respectively. It was verified that doubling the physical cell size did not 
introduce significant changes to the previous results obtained with the 1.0cm2 cell. In order to 
consider the distributed resistance and to balance the PSPICE model accuracy and 
computational demands it was concluded that in our case it is sufficient for the analysis of 
power dissipation in the cell to divide the model of the active solar area to 64 sub-divisions 
per cell. 
 
 
Figure 4.9. I-V curves for the same solar cell simulated with varying the number of 
distributed cells. 
 
4.4 Model Structure 
When taking into consideration dust particle distribution and material type as a constant input 
value (one sample type) the dust accumulation effects on a PV module can be limited to three 
main variables: 
1. Spectral attenuation, which affects specific PV technologies differently, 
2. Accumulated dust concentration,  
3. Uniformity of the accumulated dust on the surface of the PV module. 
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The variation of dust particles settling onto the surface of the PV module produces a non-
uniform reduction of irradiance to the module. That is why a spatial model is needed to take 
into consideration the non-uniformity of dust settlement on the surface of the module. The 
proposed model takes into consideration the spatial variation of the dust particles in the form 
of current density calculated from the integral of the corrected spectral response to the 
spectral transmittance of a measured dust concentration at the desired spectrum of the desired 
technology, in this case CdTe. The calculated current density is then used as the distributed 
input value to the back diode model. The distribution of the current density is matched to a 
measured spectral transmittance of dust samples collected on glass sheets that were exposed 
outdoors for different time intervals (chapter 3.7). The core model parameters are prepared 
and adjusted according to the desired cell technology, material type and dimension as shown 
in Figure 4.10. 
 
 
Figure 4.10. Model structure showing the spatially dependent inputs and the PV device input 
to the model. 
 
The model physical follows a pre-defined structure, where the first stage is to define the main 
three dimensions of the cell; X (width), Y(Length) and Z(thickness). The X and Y 
dimensions are measured directly from the module as the dimensions of the cell, as shown in 
Figure 4.11. The thickness is calculated from the cell cross section, in our case a glass on 
tedlar module, as shown in Figure 4.12 where this structure was obtained from [55]. The 
thickness of the cell directly affects the value of Rs which is also a function of the cell 
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structure and material. The lateral resistance takes into consideration the resistivity of the 
both the TCO and the back contact adjusted to the X and Y dimensions of the cell. When the 
physical cell parameters are set, the sub-cell values are recalculated according to the number 
of virtual sub-cells being used for the model. The input parameters used in model are 
obtained from literature and are presented in Table 4.1. The full representative cell is then 
constructed with circuit simulation software (PSPICE) [56] by means of pre-connected sub-
cells. The cell is then packed into one element and connected to others to form a whole 
module where finally the module cable and contact resistance are added to form a full module 
model as shown in Figure 4.13. 
 
 
Figure 4.11. PV module cell dimension selection based on the whole module 
 
 
Figure 4.12. Section cut of the CdTe construction used in the spatial model parameter setup 
construction.  
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Figure 4.13. Construction of a full module model by connecting a 2x2 cell to form an 8x8 
cell, then packing it into one virtual block and finally connecting them together to form a full 
module using PSPICE. 
 
Components & material resistivity Value Source 
TCO (Ω.cm) 1.88E-04 [57] 
Back contact (Ω.cm) 2.80E-06 [42] 
CdS (Ω.cm) 5.00E-01 [58] 
CdTe (Ω.cm) 1.00E-01 [59] 
Rsh (Ω.cm2) 1.98E+03 [49] 
Rbc (Ω) 1.08E-04 [42] 
Al (Ω.cm) 2.80E-06 [42] 
Table 4.1. Material and components properties used in the model and their source. 
 
4.5 Simulation Scenarios 
To cover the major possible effects of dust on a PV module, effects investigated are those due 
to dust concentration, tilt angle (with respect to its influence on dust concentration), variation 
between graded and non-graded dust settlement, the combined effect of dust on modules with 
different material defects with respect to hot-spot formation and finally the effect of the back 
diode with respect to dust accumulation on the PV module. The flow chart in Figure 4.14 
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shows the simulation structure which this chapter follows to obtain the different dust scenario 
results. 
 
 
Figure 4.14: Simulation structure to investigate different possible dust effects. 
 
4.6 Simulation of Dust Effect on PV Modules 
 
4.6.1 Dust concentration and tilt angle effect 
The effect of dust concentration on performance was investigated by modelling three cells 
connected in series to form a small module of total area 9cm2 (3cm x 3cm). The sample was 
simulated with PSPICE under 25oC, AM1.5 and 1000W/m2. Different dust concentrations 
were applied, selected by the impact on the total transmittance in the range 350-1200 nm of 
2.3 mg/cm2, 12.2 mg/cm2, and 28.7 mg/cm2. The different spectral transmittance data was 
combined with the CdTe spectral response curve and used with the AM1.5 spectral [17] 
irradiance standard to obtain the spectral photocurrent for the CdTe sample at each dust 
concentration. The simulation results are shown in Figure 4.15. 
The effect of module tilt angle was investigated by using the measured spectral transmittance 
values of glass samples exposed at different tilt angles (0°, 15°, 30°, 45°, and 90°) outdoors in 
Kuwait for a period of 3 months. The variation on the transmittance between different areas 
on the sample was measured and is presented in Figure 3.20. Integrating these values into the 
S3DM allows investigation of the effect of dust on the distribution of current density in the 
modelled PV module which is shown in Figure 4.15 and Table 4.2. 
Dust concentration 
and tilt angle effect
Graded and Non-graded 
dust effect Back diode effect
Spatial simulation
Material defect 
(Voltage limited)
Horizontal 
orientation at Pm
and Isc
Vertical 
orientation at Pm
and Isc
Material defect 
(Current limited)
Temperature 
value (0-50oc)
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Figure 4.15 demonstrates that increasing the tilt angle improves dust removal and reduces 
dust accumulation. This was shown by the increase in the cell output by increasing tilt angle. 
Particularly at high tilt angles, i.e. >45°, the effect of dust is reduced. However, this tilt is 
non-ideal in most installations for solar resource utilization. At optimum installation angle for 
Kuwait, of 30°, a significant variation of settled dust concentration on different areas of the 
module is seen. Dust accumulation remains reduced compared to horizontal installation. In 
most cases, were no rain affects the dust distribution, tilting the PV module introduces a 
gradual settlement of dust with higher concentrations remaining at the bottom and lower 
concentrations at the top; see Figure 4.16 and Figure 4.17. 
 
 
Figure 4.15. I-V curves for the simulated samples under different dust concentrations and 
different tilt angles. The variation of the dust concentration represents only the effect of 
uniform dust concentration increase on a horizontal surface, while the tilt variation represents 
the different variation of dust accumulation due to the tilt angle effect. The low shunt 
resistance in the simulated module is due to the low shunt value used for the input model and 
is not a result of the dust effect. 
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 Voc Isc Pmpp Im Vm FF 
36.7 mg/cm2 0.326 0.077 0.010 0.049 0.199 0.392 
28.7 mg/cm2 0.908 0.355 0.205 0.249 0.823 0.636 
12.2 mg/cm2 0.972 0.689 0.602 0.626 0.961 0.898 
2.3 mg/cm2 0.995 0.899 0.869 0.879 0.989 0.971 
0° tilt 0.982 0.764 0.696 0.716 0.972 0.928 
15° tilt 0.986 0.824 0.772 0.785 0.983 0.951 
30° tilt 0.991 0.850 0.806 0.819 0.983 0.957 
45° tilt 0.991 0.888 0.855 0.864 0.989 0.972 
90° tilt 1.000 0.979 0.973 0.973 1.000 0.994 
Table 4.2: Simulated cell parameters under different dust scenarios normalised to the clean 
sample. Dust effect simulated at different tilt angles by applying the data from Table 3.3 
(graded). 
 
4.6.2 Graded and non-graded dust effect 
Increasing dust concentration reduces the power output. Increasing the tilt angle will reduce 
the power losses due to less dust accumulation. The variation in the dust accumulation pattern 
on the surface of the PV module is attributed to wind direction and speed, particle size, rain 
and gravitational effects which are represented by the tilt of the surface. In this work, two 
main patterns are investigated at 30° tilt angle exposure to account for gravitation effect. The 
first one represents a module exposed for a short period of time (one day) during the dusty 
season. This situation demonstrates a "graded-effect" because dust settles in a graded density 
pattern where higher concentrations are on the lower section of the module. Dust deposition 
is gradually reduced towards the top of the module; Figure 4.16 shows the phenomenon. An 
image was generated from a glass sample exposed for a short period of time in Kuwait during 
a dusty day at 30° tilt angle. Case two represents modules exposed for a longer period of time 
(3 months) during which removal agents, which are in this case rain, wind and gravity were 
acting on the module. The term "non-graded effect" is used to represent the random shapes 
characteristic of this situation, see Figure 4.17. These images were generated from glass 
samples exposed at different tilt angles in Kuwait for a period for 3 months. 
For the purpose of applying the non-graded dust effect, glass samples were exposed outdoors 
in Kuwait at different tilt angles 0°, 30°, 45° and 90° (Figure 4.17). The samples were 
exposed from September to November 2009. Each glass sample in Figure 4.17 represents the 
effect of dust at a different tilt angle. 
60 
 
Figure 4.16. Inverted image of graded dust effect. Sample image taken immediately after one 
dusty day in Kuwait. 
 
 
 
Figure 4.17. Inverted images of non-graded dust samples on a glass collected naturally from 
outdoors in Kuwait. From top left, 0°, 30°, 45° and 90° tilt. 
 
The 30° tilt sample was selected to provide a worst case non-uniform pattern between the two 
cases. This effect was applied within the spatially-resolved 3-dimensional model by means of 
measuring the spectral transmittance of the sample at different locations to calculate the 
photocurrent. Using the calculated photocurrents, the photocurrent values at the rest of the 
modelled module sub-cells were calculated by means of linear interpolation between the 
Flat 30o 
45o 90o 
Clean 
Dust 
Clean 
Dust 
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measured locations on the sample (see Figure 4.18). These values are used as an input to the 
spatial model as the main indication of the variation of the different dust patterns. 
When comparing the results of the two cases, as shown in Table 4.3 it can be seen that the 
non-graded dust settlement reduces the performance of the PV module more than the graded 
dust settlement, where the non-graded case maximum power was 5.4% less than that of the 
graded effect. This effect not only reduces the PV module performance, but also poses a risk 
of triggering hotspots in the cells. 
 
 
Figure 4.18. Calculated and normalised to maximum photocurrent for Non-graded pattern 
(Figure 4.17 at 30°) at vertical installation configuration. The normalized short circuit current 
is calculated for each sub-cell and used as the input value for the simulated module. 
 
 Voc Isc Pmpp Im Vm FF 
Graded 0.991 0.887 0.852 0.866 0.983 0.969 
Non-Graded 0.991 0.850 0.806 0.819 0.983 0.957 
Table 4.3. Simulated key parameters taking into consideration graded and non-graded effect 
of dust at 30° tilt angle normalised to the clean sample. 
 
4.6.3 Material defect and hot-spot 
To investigate this effect, the simulated module was divided into 4 regions where higher 
concentration of dust was settled in a smaller area in the bottom of the cell, while the top 
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area, which represents the major area of the module, has a very low dust concentration. This 
configuration represents a scenario of a module at 30° tilt exposed to a very dusty climate for 
a short period of time (graded effect). Two different material variations were introduced; 
uniform high shunt resistance (voltage limited -VL) and localized low shunt resistance 
(current limited -CL). The VL defect type was integrated in the simulated module by means 
of setting large cell area with high shunt value. The CL defect was added to the simulated 
module by setting random locations on the module with low shunt values. The module was 
simulated in two orientations, with cells aligned in a horizontal position to the plane (Hor) 
and vertical position (Vert) as illustrated in Figure 4.2. The simulation results are shown in 
Figure 4.19.  
The variation between voltage- and current-limited modules introduces a small difference 
(1% in Pmpp) between the dust-free modules. The worst case was seen in the horizontal cell 
configuration, where the sample lost 66.3% of its maximum power when a current limiting 
cell was introduced and 66.7% for a voltage limiting cell which is a small difference between 
the two material variations when taking into consideration the initial variation due to material 
defects. The high losses can be attributed to the horizontal configuration allowing a full 
length of the cell to be covered by dust while the vertical configuration introduced 44.1% and 
42.2% reductions for the current-limiting and voltage-limiting scenarios, respectively. 
 
 
Figure 4.19. I-V curves for modules with different shunt properties with graded dust effect.  
The simulated modules without considering dust effect are marked as (clean) while the 
orientation at which the modules are simulated at are marked as (Vert) for vertical orientation 
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and (Hor) for horizontal orientation configurations. The material variation with which the 
modules are simulated are marked as Voltage Limited (VL) and Current Limited (CL). 
Operating the module at maximum power point will set the operating current of the PV 
module lower than the short-circuit current. Thus the worst possible scenario will be when 
the module is dissipating maximum power which would happen when the module operates at 
Isc. To look into this, the modelled module was simulated at two different scenarios, Isc and 
Pmpp. Then by using PSPICE function to calculate the power dissipated by each resistor in the 
simulated module and obtain the spatial dissipated power by the cell components to represent 
the localized dissipated power at each location on the cell. This is illustrated in Figure 4.20 
where the same current-limited module was simulated in a horizontal cell configuration at 
maximum power point and short-circuit current. The contour maps show higher power 
dissipation for modules operating at Isc rather than at maximum power point. The voltage-
limited module showed a lower possibility of overheating when operating at short-circuit 
Figure 4.21, in comparison to that that of current-limited module. It is noted that in both 
Figure 4.20-C and Figure 4.21-C, where the x-axis represents the installation plane (bottom 
of the module), shows the highest power dissipation where it corresponds to the highest dust 
concentration area. In addition, the area around the monolithic connections between the cells 
also shows a high concentration of power dissipation in comparison to the rest of the module. 
This in addition to the defect areas in Figure 4.20 can be categorised as having a high risk of 
forming hotspots over the long term. 
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Figure 4.20. Variation between current limited modules in a horizontal configuration 
normalised to maximum power. From the top, clean module at Isc, dusty at maximum power 
point and dusty at Isc. X-axis always represents the plane position. 
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Figure 4.21. Variation between voltage limited modules in a horizontal configuration 
normalised to maximum power. From the top, clean module at Isc, dusty at maximum power 
point and dusty at Isc. X-axis always represents the plane position. 
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4.6.4 Back-contact diode effect 
The effect of temperature was investigated by means of simulating the same model 
configuration at different temperatures, 25°C and 0°C to investigate the effects of the back 
diode. The results (Figure 4.22) show a slight gain, but do not show any indication to increase 
the risk factor of further power dissipation. 
 
 
Figure 4.22. Variation between dusty and clean sample simulated at 0o and 25o C.
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4.7 Conclusion 
Dust reduces the performance of a PV module. Its accumulation is affected by the tilt angle 
of the module. An increase in the module tilt angle leads to reduction in the dust accumulated 
on its surface and thus reduces the dust effect on the performance of the PV module. 
However, it can also introduce a variation of the accumulated dust on the surface of the 
module which can increase the possibility of triggering hotspots. Graded dust effects, as for 
example introduced by short exposure to highly dusty environments, has lower power loss 
14.8% as compared to 19.4% power loss for non-graded dust settlement with the same overall 
concentration.  
Horizontally-oriented cells installation presents the worst case scenario when dust 
accumulates on the module surface. Higher power losses were identified when compared to 
vertical configuration. This gives a higher dust concentration on the bottom cell, reducing the 
power of the module by 66.7% for a voltage limiting cell and 66.3% for a current limiting 
cell in comparison to 42.2% and 44.1% respectively for a vertical cell configuration. 
Modules identified with localized low shunt resistance and uniform high shunt resistance are 
more sensitive to hotspots in horizontal cell configuration. This is mainly due to the fact that 
full shading is required to overheat cells. On the other hands not much variation was 
identified when two modules with different material variation types (low shunt resistance and 
uniform high shunt resistance) are simulated independent of installation orientation and under 
the same dust accumulation scenario. Operating the CdTe module at lower temperatures 
affects the module fill factor but it did not show any increased risk of hotspot than at normal 
operating temperature. 
In this chapter the spatial 3-dimensional model was used successfully to model non-
uniformity of dust on the surface of CdTe PV module. The simulation successfully accounted 
for dust spectral attenuation effect presented in chapter 3 where it was used to model the 
losses in the simulated PV module. It also provided a valuable tool for identification of 
potential hot-spot risks under different scenarios of dust accumulation. 
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5 Observation of Dust Effect in Outdoor Measurements 
 
5.1 Introduction 
Observing the effect of dust on PV modules in outdoor environments is a challenging task. 
Different groups around the world have approached this problem by setting up specialized 
testing setups to monitor the dust effect. Hammond et. al. approached this problem in 1997 by 
measuring the outdoor performance of a non-cleaned crystalline silicon array installed 
outdoors for five years [7]. Similar work was done by Asl-Soleimani et. al. and Mehdaoui et 
al where the analysis was mainly focused on the effect of dust with regards to tilt angle [60, 
61]. 
Pang et al and AlBusairi1 and Möller presented outdoor testing for thin film technologies 
where the former focused on CIS and the latter focused on CdTe [39, 62]. Other groups have 
presented different approaches to utilize outdoor data to predict the losses due to dust by 
monitoring the PV device performance, such as work by García et. al from Spain [3] and 
Kaldellis and Kapsali from Greece [63]. The first author compared the result of data obtained 
from a clean reference and non-clean reference cell with the support of simulated irradiance 
data to predict the losses of angle of incidence due to dust, while the second authors used 
artificially-deposited dust on outdoor installed modules and compared them to a clean one. 
The variety of work done utilising outdoor measurements to determine dust effect on PV 
module reflects the importance of this issue. A further recent publication focused on a totally 
different field within dust, the prediction of dust deposition [64]. This work presented 
analytical model for dust deposition on parabolic solar dish based on wind tunnel experiment.  
Although most of the work presented concerns the immediate effect of dust deposition on the 
PV module, the wide variety of measurements required to obtain the data for each method 
represents high uncertainty factors. It was recently reported by Gottschalg that some of the 
best outdoor measurement setups can still introduce 4.5% uncertainty [65]. This means a 
further investigation into how results are reported in the literature is to be looked at as most 
of the experiments reported were not done by continuous monitoring of the PV modules, thus 
introducing significant uncertainties. Another critical issue is the frequency of cleaning, 
where continuous systematic cleaning frequency was not reported especially that dust 
accumulation happens every day. Therefore a weekly or monthly cleaning will present only 
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the losses until the module is cleaned and will not show intermediate changes due to rain or 
dust storms in the intervals between cleaning. 
To better understand the performance of PV modules operating in a harsh dusty environment 
and to understand the trend of dust accumulation on PV modules, two approaches have been 
used in this thesis work. The first approach is looking into dust accumulation and 
characterising it with the percentage of accumulation at the specific site, in this case Kuwait, 
which was selected due to its extreme weather conditions. This approach provides an insight 
into the dust accumulation profile throughout the year. It also shows various environmental 
indications which accompany dust and how deposition is affected by the weather elements. 
The second approach involves a specialized setup that takes into consideration high 
measurement accuracy and reliability to investigate selected PV modules to demonstrate the 
effect of dust during the time of exposure. This approach provides invaluable data that shows 
the behaviour of the exposed PV modules under extreme dusty environments. It also provides 
a detailed profile of the ratio of dust settlement and how it affects the PV module yield and 
durability during the exposure period.  
 
5.2 Environmental Data and Dust Accumulation 
 
5.2.1 Data collection 
Before the start of the test setup, it was important to characterise the test site environment by 
looking into existing meteorological data to see how hot, humid, and windy it is. The aim is 
to quantify the amount of dust collected in that region. These issues were examined by the 
analysis of data collected in Kuwait by the Kuwait Institute for Scientific Research (KISR), 
Directorate of Civil Aviation, (DCA) and Environment Public Authorities (EPA) of Kuwait. 
The data collected from those institutes are shown in Table 5.1. 
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Measured parameter KISR DCA EPA 
Dust accumulation 0 0 1 
Solar radiation (global horizontal) 9 1 6 
Solar radiation (Diffuse) 1 0 0 
Solar radiation (Direct Normal) 1 0 0 
Ambient temperature 9 1 6 
Relative Humidity 9 1 6 
Suspended dust 0 0 6 
Visibility 0 1 6 
Wind Speed 9 1 6 
Wind direction 9 1 6 
Dew point 3 0 6 
Table 5.1: Sources and types of data collected in Kuwait, the numbers in the table indicates 
the number of specialized meteorological stations that provide the marked parameter. 
 
Although it is highly desirable to collect data for a long period of time and with high 
resolution (per minute intervals), this tends not to be possible for all data sets due to 
restrictions on how the data is collected. It is noted that each institute has a different set of 
meteorological stations located at different places around Kuwait with different stations 
providing different types of data. Thus to minimize the variation of collecting data from 
different sites, meteorological stations close to each other were selected where possible. 
 
5.2.2 Data analysis and discussion 
This work aims to investigate the dust effect on PV modules. It was important to look into the 
availability of the solar resource in the country of Kuwait, since this was selected as the 
location of the outdoor test site. Kuwait is located in the northern hemisphere of the earth at 
29° 22" North and 47° 58" East. Looking at different sets of irradiance data collected at KISR 
meteorological stations that provide direct normal irradiance (DNI), global horizontal (GHI) 
and diffuse radiation in addition to other measured parameters such as ambient temperature, 
relative humidity, wind speed and direction. A set of hourly data collected for the year 2009 
are shown in Figure 5.1 [66]. Looking at the Kuwait solar resource, the largest amount of 
energy was produced in the month of July. It showed the highest amount of global horizontal 
irradiation of 12.9 kWh/m2 per day, while January showed the highest DNI with 7.9 kWh/m2 
per day in direct normal irradiation and 6.0 kWh/m2 per day in diffuse solar radiation in 
April. 
Looking at the readings of diffuse and DNI irradiation gives indications of suspended dust 
influence during the related month. In April, the diffuse radiation peaked higher than the 
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direct normal. Although the high rate of diffuse irradiance can be correlated to different 
environmental effects such as clouds, in Kuwait suspended dust is, in most of the cases, the 
main factor that leads to high diffuse irradiance fraction. 
 
  
Figure 5.1: Average daily global, diffuse and direct normal solar irradiation in Kuwait for the 
year 2009. Data source KISR [66]. 
 
The Environment Public Authority (EPA) of Kuwait collected accumulated dust in a special 
container left outdoors for the whole day to accumulate dust. At the end of the day the 
container weight difference (initial weight when clean and final when dusty) is measured, the 
same procedure was repeated daily for the whole year. For the years 2007 and 2008 daily 
data were collected and recorded [67]. Furthermore, other similar data for the years 1981 to 
1983 were available from EPA and published in literature [23]. The average dust 
accumulation per day was processed and the results are shown in Figure 5.2. The peak dust 
times starts from April until July where frequent dust storms are possible.  
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Figure 5.2: Average daily accumulated dust on a horizontal surface for different months of 
the year in Kuwait. Data source EPA [67]. 
 
The high peaks in June during 2008 and in April 2007 are both indications of dust storms 
where the average daily accumulated dust in June 2008 was 0.7 mg/cm2 and 0.49 mg/cm2 in 
April 2007. Another factor that can be used as indicator for dusty days is visibility, where 
Figure 5.2 shows that for both years the average visibility drops on dusty days. 
It is important to keep in mind that the visibility is an indicator only, and not a definitive one, 
because it is affected not only by suspended and raised dust but also mist, haze, fog, smoke 
and rain. Figure 5.3 and Figure 5.4 shows visibility during June 2008 and April 2007 with 
labels at each dip showing what environmental effect was present on the day. The labels 
presented in Figure 5.3 and Figure 5.4 are event indicators that represents the minimum 
indication observed to trigger the event according to the aviation standard [68]. The graphs 
clearly show that dust elements (suspended dust, raised dust or dust storm) can reduce 
visibility greatly. Figure 5.3 also shows that frequent rain can even improve visibility for the 
next day while in Figure 5.4 the lack of rain reduced the visibility greatly for most of the 
month, which shows that sustained lower visibility in a dry environment such as Kuwait is an 
indication of the presence of dust elements.  
 
0
10
20
30
40
50
60
70
80
90
100
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
%
 V
is
ib
ili
ty
m
g/
cm
2
Time (Months)
Dust-2007 Dust-2008
Average Visibiliy
73 
 
Figure 5.3: Lowest Visibility data during the worst month (April) in 2007. The marker on the 
graph indicates the recorded phenomena during each day. Data source DCA [68]. The values 
indicated in the legend are indicator of events (binary). 
 
 
Figure 5.4: Lowest Visibility data during the worst month (June) in 2008. The markers on the 
graph indicate the recorded phenomena during each day. Data source DCA [68]. 
 
From the results shown previously, dust concentration can be categorized according to the 
event causing it. Where the dust concentration is higher than 9.0 mg/cm2, this indicates a 
dusty month with frequent dust storms. Dust concentration in the range of 6.0 to 9.0 mg/cm2 
indicates a dusty month with mostly suspended and raised dust. Normal dusty months with 
few days of suspended dust and raised dust are in the range of 4.0 to 6.0 mg/cm2 and anything 
below that is considered in the range of normal months in Kuwait. 
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It was noted that when wind speed increases it supports the raising of dust [22, 69]. This was 
also noted in Figure 5.5, where a short increase in wind speed can lead to an increase in 
accumulated dust. A consistent increase in wind speed was followed by a record of high dust 
accumulation due to the continued increase in suspended dust and then followed by a couple 
of days of low wind speed. Day 7 to 14 in Figure 5.3 and Figure 5.5 shows an increase in 
wind speed. This increase is followed by suspended and raised dust then by calmer days with 
higher visibility and low level of dust from day 15 to day 18. This effect seems to have a 
constant pattern over the years as it shows also in Figure 5.3 and more clearly in Figure 5.5.  
 
 
Figure 5.5: April 2007 pattern for maximum wind speed, dust accumulation, ambient 
temperature and relative humidity. Data source DCA and EPA [67, 68]. 
 
Figure 5.6 was shows a relation between maximum wind speed and dust accumulation when 
removal agents such as rain and wind are omitted. Dust accumulation starts to slow down 
after 8 m/s wind speed. This can be correlated to the fact that wind speed and dust 
accumulation involves more than one variable. Also high wind speed can promote raised and 
suspended dust movement where it can promote higher rate of accumulation due to surface 
collusion. It also promotes higher rate of removal due to collision of particles carried by wind 
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to the dusted surface (erosion) where in this case it was not accounted for. In addition, dust 
accumulation is also affected by the moisture and surface wetness that can enhance or 
weaken the adhesive force bonding the particles to the surface.  
Relative humidity and dew point temperature were reported to have the effect of increasing 
the adhesion force that binds dust particles to a surface. This effect will also reduce the 
effectiveness of the removal process of dust over time [63]. However, the process that was 
used to collect dust by EPA, (water container collector) cannot be used to identify the 
adhesive forces related to humidity, dew point and ambient temperature. It can be concluded 
that the main weather element that supports the raising and accumulation of dust is wind 
speed. Relative humidity, dew point and ambient temperature can be considered as secondary 
effects because of their role in long term accumulation. 
 
 
Figure 5.6. Variation of dust accumulation with wind speed for the month of June 2008. Data 
source DCA and EPA [67, 68]. 
 
5.3 Outdoor Measurements of PV Modules  
The first step before setting up the PV monitoring setup was to identify the type of data 
required and to develop the measurement procedures accordingly. As the main goal of this 
monitoring campaign is to look into the effect of dust on module performance in the first 
place, a basic set of the PV module data was needed such as Isc, Voc, Pmpp, module 
temperature in addition to meteorological data representing the module irradiance in plane, 
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wind speed, rain, ambient temperature and relative humidity. Also taking into consideration 
any possibility of module degradation, a scheduled measurement of I-V data is required. With 
this in mind, monitoring equipment was selected and an appropriate monitoring procedure 
was developed considering the available resources.  
 
5.3.1 Monitoring setup and measurement procedures 
Initially 7 micromorph (µc/a-Si) PV modules rated at 90W and 4 CdTe (2 each rated at 75W 
and 73W) had their initial I-V data at STC conditions measured at the Centre for Renewable 
Energy Technology (CREST) with a Pasan 3b (class AAA) solar simulator. One of the µc/a-
Si modules was kept in CREST as a reference module and the rest were shipped to Kuwait to 
be installed. Due to the limited quantities available of the CdTe modules, no reference 
module was selected. The measurement plan was to take continuous measurements of Voc, Isc, 
Pmpp and module temperature Tmodule. These were determined from continuous I-V 
measurements of the installed units. A scheduled infra-red image was taken every 4 months 
in addition to regular photographs to show any non-uniform heat distribution or visible 
damage to the modules. The measured module and meteorological data were transferred to a 
database hosted at CREST. The flow chart in Figure 5.7 shows the measurement scheme of 
the installed units. 
All ten PV modules were installed in Kuwait on top of the roof of building number one in the 
Kuwait Institute for Scientific Research (KISR). The modules were installed on a custom-
built mounting rack with the two modules of each pair next to each other as shown in Figure 
5.8. The structure was set up to face true south and was built so that 6 modules are tilted at 
30°, which is the optimal tilt angle in Kuwait for maximising annual energy yield, and the 
other four set up at 0° tilt. The structure itself has a small 1.0 m X 2.0 m thermally insulated 
shelter room for the measurement equipment that is equipped with an air conditioning unit to 
keep the room cool throughout the year. 
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Figure 5.7: Testing procedure for the outdoor testing setup in Kuwait. Two samples were 
installed per technology, one continuously cleaned and the other sample left not cleaned. 
 
The modules are connected via 4-core 2.5mm2 cables per unit to allow a Kelvin probe 
arrangement. These and one PT100 temperature sensor are connected to specialised custom 
made I-V tracer/MPP tracker units (PVMS) designed by EgniTec for this project. These 
tracer units were built to provide the specific data needed for the monitoring campaign. They 
provide a 256-point I-V data sweep every minute, in addition to maximum power tracking of 
the module between the sweeps, which keeps the modules operating at maximum power point 
at all times. 
The PVMS units are connected to a load box and to a personal computer (PC) as illustrated in 
Figure 5.9. The tracer units are controlled by PVMS data logger software which also 
synchronises to the PC clock. One I-V curve per minute and one maximum point 
measurement every 15 seconds are logged to a daily file. The irradiation on the module 
planes were monitored with two Kipp & Zonen CMP11 pyranometers installed at 0° and 30° 
tilt and cleaned daily.  
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Figure 5.8: All 10 modules installed on the roof of KISR building. Left: schematic of the 
mounting structure, right: actual structure. 
 
 
Figure 5.9: Weather station and the inside of the equipment shelter. 
 
A meteorological data acquisition system that measures ambient temperature, relative 
humidity, wind speed, wind direction, rain, and rain events was installed next to the PV 
monitoring site (Figure 5.9). The sensors are connected to an Adolf Thies data logger which 
is connected to the main equipment shelter PC via RS232 cable and minutely data is logged 
by software that synchronises the data logger with the PC clock. Finally, the logged data are 
transferred to Loughborough University’s server via GSM modem every day. The PVMS 
CdTe 
µc/a-Si 
µc/a-Si 
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tracer units and the PC are protected from power surges and short power outages by an un-
interruptible power supply (UPS). A detailed schematic is shown in Figure 5.10.  
Modules were set as pairs for every scenario to be tested. Four different scenarios were set: 
 Scenario one with modules installed normally at 30° tilt angle. 
 Scenario two with modules installed at 0° tilt angle. 
 The third scenario involves installing the module at 30° tilt but with the cells of the 
module oriented horizontally to the plane, as illustrated in Figure 4.2.  
 The fourth scenario is to see the effect of a specialised hydrophilic dust repellent 
coating.  
 
These scenarios are shown in Table 5.2 where a reference ID is assigned to each module for 
identification as shown in Figure 5.11. Units S2 and S3 are kept clean. The cleaning is always 
carried out early in the morning before sunrise. The µc/a-Si modules were installed on the 
24th of April 2011 for initial exposure, and then commissioned officially on 8th of May 2011. 
The CdTe modules were installed on the 29th of February 2012 when the measurements 
started. On the 29th of July 2012 all measurements were stopped and the monitoring site was 
decommissioned due to imminent demolition of the building. 
 
 
Figure 5.10: Block diagram showing the connection schematic for the installed monitoring 
system in Kuwait. 
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Testing condition Technology Testing reference Clean reference
30° and coated with dust repellent coating µc/a-Si S1 S2 
Module at 30°- cells horizontal to the 
plane 
µc/a-Si S4 S2 
Module at 30° µc/a-Si S5 S2 
Module at 0° µc/a-Si S6 S3 
Module at 30° CdTe C3 C1 
Module at 0° CdTe C4 C1 
Table 5.2: Installed module references with regard to test type and location on the structure. 
Testing reference in the second column refers to the non-cleaned module under the specified 
test scenario. 
 
 
Figure 5.11: Installed module references location on the mounting structure. 
 
5.3.2 Measurement uncertainties 
Outdoor measured data has associated uncertainties arising from the different input variables 
such as that due to measurements devices, variation between electrical components, maximum 
power point estimation, module selection and lab measurements such as temperature control 
and spectral match of the solar simulator with respect to the measured module. Adding to 
those are the uncertainties associated with external sensors such as pyranometers or reference 
cells and other meteorological sensors that are used in the calculation of the desired output. 
The measurement uncertainties influence interpretation of the results obtained from the 
monitoring units and should be considered upfront. Therefore it becomes important to know 
the uncertainties associated with the measuring equipment and to assess the possibilities of 
improving them when required. The uncertainty value (u) is calculated by means of the ratio 
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of the standard deviation to the square root of the number of repeated measurements as shown 
in equation 5.1. 
u = 
ܵܦ
√݊ (5.1)
Where SD is the standard deviation of the measured samples and n is the number of 
measurements taken. Different research groups have reported that 1-2% measurement 
accuracy is possible to achieve with well-prepared measurement campaigns [70][71]. 
Therefore it become important to look into the possible uncertainties associated with the 
monitoring campaign to correctly interpret the data. Uncertainty (see Table 5.3) marked as 
primary are the ones related to the measurements of the module parameters such as Isc, Voc, 
Pmpp and array yield. The measured Pmpp data are used for array yield calculation as the 
irradiance data are needed while for dust trend analysis where irradiance data are not needed 
for calculation of the PVSR (PV soiling ratio) the uncertainty value is associated only with the 
Isc measured by the PVMS tracer which was found to be 0.31%. The secondary measurements 
are not used for the calculations of any parameter but used for filtering and interpretation of 
the results. A list of collected data and their associated uncertainties are presented in Table 5.3. 
 
Uncertainty source Relative priority Uncertainty 
Initial module measurement at STC Primary ±3 - ±5% 
Temperature measurement (PT100)  Primary ±0.2 (°C) 
MPPT estimation Primary 0.5-1% 
I-V tracer unit Primary 0.5% 
Pyranometer Secondary ± 3.1% (±1.1 W/m2) 
Wind speed measurement Secondary ±3% (±0.5m/s) 
Wind direction Secondary ±1.4% (±5°) 
Ambient temperature Secondary ± 0.1K 
Table 5.3. Uncertainties associated with the measurement campaign and their relative 
priorities to this work. 
 
Most of the uncertainties are associated with hardware and can be managed well by 
appropriate monitoring hardware and setting up the monitoring equipment avoiding shading. 
Some of the uncertainty values are algorithm-based such as the maximum power point (Pmpp) 
estimation and the methods used to extract Voc and Isc from the I-V curve. Therefore they can 
be further improved by improving the estimation condition of the Pmpp tracking and directly 
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extracting it from the measured I-V data which will reduce the uncertainty associated with it 
and thus improve the total uncertainties. 
 
5.3.3 Uncertainty of parameter determination from I-V measurements  
The requirement to identify potentially small variations between two modules in the test 
requires accurate and reliable methods of determining PV characteristic parameters, e.g. Isc, 
Voc, Pmpp, FF. The accuracy of measuring device power varies when different equipment is 
used and different uncertainties are associated with every measuring device [72, 73]. Analysis 
of the measured raw I-V data to yield key performance parameters should introduce minimal 
uncertainties; however this is not necessarily the case as some measurement idiosyncrasies can 
introduce significant effects in automated procedures. The extraction of the short circuit 
current (Isc), open circuit voltage (Voc) and maximum power point (Pmpp) can thus lead to 
different results even if the same I-V measurement is analysed with different methods. When a 
PV device’s I-V curve is measured, the number of measured points and the selection of the 
start and end points for a given extraction can introduce different results when Voc, Isc and Pmpp 
are extracted [49], introducing uncertainty in the final results. 
Very little detail is presented in most of the standards in how to extract Isc, Voc and Pmpp from 
the STC measured I-V data. ASTM E948 has the most comprehensive description as it 
recommends interpolation or extrapolation for Voc within ±0.005 V from zero current and ISC 
within ±0.001 A from zero voltage and the use of a fourth-order polynomial least square fit for 
extracting Pmpp[73]. However, IEC61853-1 recommends linear regression for fitting both Voc, 
Isc and a ‘polynomial’ fit for obtaining Pmpp [74]. It does not specify the range of points or 
accuracy recommended for obtaining the extracted parameters. Other papers recommend a 
range of points where the voltage is 10% or less of Voc and current 12% or less of Isc [75]. 
Emery suggests that the closest two points bracketing the Voc or Isc are to be used to apply 
linear regression to obtain the Voc or Isc values. He also stated that increasing the number of 
points surrounding the extracted values can reduce the uncertainty of the extracted value [76]. 
Extracting Isc and Voc from an I-V measurement is generally more complex than selecting the 
device current at zero voltage, and device voltage at zero current [72]. This is because in most 
cases there are no specific measurements at these exact zero points. One method for obtaining 
Voc and Isc is by selecting a number of measured points that bracket the zero voltage or 
current and then interpolating or extrapolating to the zero point [73, 77]. The other approach 
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is by fitting a line through selected points which bracket the zero voltage or current to get the 
value at the zero point [78]. A similar approach may be used to obtain the maximum power 
point by using a second or higher order polynomial, or another model, fitting to either the 
current-voltage or the derived power-voltage measurement points (Figure 5.12) [79]. Each 
method has a different uncertainty associated to it where in the next section those methods 
will be investigated to obtain the optimum method to be used to reduce the uncertainty of the 
outdoor measured data. 
 
  
Figure 5.12. Voc, Isc and Pmpp extraction approach using linear fitting for Isc and Voc and 
second order polynomial for Pmpp. 
 
5.3.3.1 Method selection 
A mono-crystalline calibrated module was used as the basis of the investigation. The module 
was measured at STC in the CREST solar simulator and the parameters required for the one 
diode model were extracted. The module I-V was then re-created via simulation using the one 
diode model with PSPICE, see Figure 5.13, based on the extracted values. Simulated I-V 
curves were used to generate idealised, unbiased ‘measurements’. A series of I-V curves were 
then generated with PSPICE with different numbers of points on the curve. The boundaries of 
voltage in the simulation were selected to provide some points into the reverse bias region 
and also beyond open circuit. 
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Figure 5.13: Measured and simulated curves for one of CREST’s reference PV modules 
(Phaesun). Where it is used to extract the parameters for the one diode model (equation 2.6) 
and is used for the parameter extraction comparison. 
 
Code was written to extract Voc, Isc and Pmpp from the curves, with fitting methods 
implemented in Delphi and interpolation in MATLAB. Straight line regression was applied to 
the simulated data by fitting a line on a selected number of points close to the zero current and 
zero voltage points. A second-order polynomial model was also tried for determining Voc (the 
Isc result from the straight line fit could not be improved upon). The points about the peak on 
the power-voltage curve were fitted with second and third order polynomials, to find the Pmpp. 
The linear interpolation uses the existing points on the curve to interpolate to the desired point. 
The method with the best results was applied to a full day of I-V curves measured outdoors 
where the results are compared by means of the measured data by the hardware and extracted 
from the I-Vs. 
 
5.3.3.2 Linear Interpolation 
Different simulations were carried out, varying the number of points on the curve from 10 to 
1000 points. The point selection for extraction of Isc and Voc varied from 2 points to 50 
points. The extracted Voc and Isc are shown in Figure 5.14 and Figure 5.15. The maximum 
deviation from the ideal values of Isc and Voc are 0.04% and 0.18%. Linear interpolation 
showed less deviation between the extraction runs when higher numbers of points are 
selected to perform the calculations. The optimal point selection to curve ratio that can be 
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used is 11% to interpolate the value of Voc (see Figure 5.14) to within a quarter of a percent, 
better results are achieved using 3-5% only. Isc is much easier to extract because the region 
near short-circuit tends to be less curved than that near open-circuit and thus the optimum 
point selection to curve ratio is 20%, as shown in Figure 5.15. It is also noted that by using 
linear interpolation an inherent bias error was noticed within the extracted values of Isc of -
0.017% and 0.064% for all Voc values. Also in Figure 5.14 - Figure 5.16 the outlier points on 
the graphs are due to the distribution of the point selection to points on curve ratio. This 
distribution allows sorting values within the given criteria (point selection to points on curve 
ratio) but has the disadvantage of generating outliers. The outliers are due to the different 
results obtained at the same point selection to points on curve ratio but different absolute 
number of points. Although this selection criterion has this disadvantage, it still provides a 
clear distribution pattern that allows selection of the best possible ratio for the extraction of 
the selected parameters. 
 
  
Figure 5.14: Normalised Voc with respect to the simulated value extracted with linear 
regression and interpolation methods. 
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Figure 5.15: Normalised Isc values with respect to the simulated values extracted with linear 
regression and interpolation methods 
 
5.3.3.3 Straight line and polynomial regression 
The maximum deviation from the simulated I-V values for Isc, Voc and Pmpp that were 
calculated with regressions are 0.98%, 1.2% and 11.1%. Linear regression showed more 
accurate but less stable results than the result calculated from linear interpolation. Regression 
eliminates the error by fitting a linear equation on the selected points and using this to solve 
for the desired zero values. This means point selection and curve point density will affect the 
quality of curve fitting. This approach makes the linear regression method less prone to 
measurement noise and other external factors.  
The effect of point selection and curve density on Isc values extracted with regression and 
interpolation is shown in Figure 5.15. The maximum optimal point selection to curve ratio is 
up to 25% for extraction of Isc within ±0.00002%. For Voc the dominating factor is the point 
selection, see Figure 5.14. The maximum point selection to curve ratio is up to 2% to keep 
the Voc value within ±0.005%. This behaviour can be explained by the relation of fitted line 
and the slope at the I-V curve. When higher numbers of points are used to fit the Isc or Voc 
regions of the I-V data the effect of non-linearity in the curve become more apparent and thus 
affects the calculated accuracy when regression is used. 
The previous problem with the slope is reduced when Pmpp is extracted (Figure 5.16). Mainly 
because a second order polynomial curve is fitted on the selected points around the maximum 
power point of the measured I-V data. Since linear interpolation produces a significant error 
when used to extract the Pmpp, only polynomial regression was used. When a polynomial 
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curve was fitted, a smoother curve showed better results, with the optimal point selection to 
curve point ratio found to be 2% to keep the Pmpp value within range of ±0.0056%. 
 
 
Figure 5.16: Normalised Pmpp values with respect to the simulated values, extracted by 2nd 
order polynomial regression. 
 
5.3.3.4 Other Extraction Models 
In this section, different extraction methods from the ones used in the previous section were 
used to extract Voc, Isc and Pmpp from a normal I-V curve where the curve number of points is 
fixed at 300 points. In addition to the chosen linear interpolation and regression methods, 
cubic and spline interpolation were used to extract Isc and Voc, quadratic regression for 
extracting Voc and cubic regression for the extraction of Pmpp.  
In the case of Isc, the other types of extraction did not introduce any improvements above the 
values extracted with linear regression (Figure 5.17). Quadratic fitting for Voc and cubic 
fitting for Pmpp showed better results at higher point selected to point on curve ratio, see 
Figure 5.18 and Figure 5.19. 
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Figure 5.17: Different methods applied to extract Isc values from the modelled I-V data with 
the number of points on the curve fixed at 300. 
 
 
Figure 5.18: Different methods applied to extract Voc values from the modelled I-V data with 
the number of points on the curve fixed at 300. 
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Figure 5.19: Quadratic and cubic fitting as used to extract the Pmpp values. Again the curve 
number of points is fixed at 300. 
 
The different models used for the extraction of the PV module parameters showed variation 
in the accuracy, but mainly regression models showed stable results with linear regression for 
Isc and Voc extraction and polynomial regression for Pmpp. The other regression models did 
not provide further improvements to the extraction accuracy but they increased the range of 
point selection/point on curve ratios that can be used. The outlier problem was minimised by 
selecting an optimal curve number of points of 300 that will keep the results within the 
optimum selection boundary as mentioned in section 5.3.3.3. 
 
5.3.3.5 Outdoor data comparison 
A set of 256 point I-V data measured for a full day (23/6/2012) for the micromorph (µc/a-Si) 
module installed at 0° tilt installation was used to test the key parameter extraction. Using 
straight line and polynomial regression the parameters were extracted from the measured I-V 
data with varying selection of the point number. When comparing the daily extracted data, 
early mornings with relatively low irradiance tend to generate a lot of noise. This introduces 
higher uncertainties when measuring Isc and Voc as shown in both Figure 5.20 and Figure 
5.21. Applying the principle optimisation for point selection, the best Voc values were 
obtained using point selection to curve point ratio of 2.3% as shown in Figure 5.20, whereas 
the best Isc values were obtained by increasing the number of points selected to curve point 
ratio of 5.5% to obtain the least amount of deviation over the full range of data recorded, as 
shown in Figure 5.21. The point selection effect on the extraction of Pmpp value was minimal 
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at this stage where the best results are still obtained at lower point selection to curve point 
ratios. 
 
 
Figure 5.20. Percentage difference between extracted values and measured values (recorded 
by the tracer) at point selection to curve point ratio of 2.3% which showed the best results for 
extracting Voc and Pmpp from the measured I-V curves for the outdoor installed modules.  
 
 
Figure 5.21. Percentage difference between extracted values and measured values (recorded 
by the tracer) at point selection to curve point ratio of 5.5% which showed the best results for 
extracting Isc from the measured I-V curves for the outdoor installed modules. 
 
The results obtained by comparing the standard deviation of the variation between the 
extracted and measured (by the PVMS tracer) values confirms the finding in sections 5.3.2 
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and 5.3.3. Voc is affected more than Pmpp when fewer points are selected. The same can be 
said for the Isc region, although a higher number of points need to be selected in this case as 
shown in Figure 5.22. Therefore a straight line regression with 5.5% point selection to curve 
point ratio is used for Isc extraction and 2.3% for Voc. Polynomial regression model of the 2nd 
order is used for the extraction of Pmpp at 2.3% point selection to curve point ratio. This 
approach was used to extract the data directly from continuously-measured I-V data of the 
monitored PV modules to reduce the uncertainties associated with the main data extraction as 
shown in Table 5.4. 
 
 
Figure 5.22. Standard deviation for percentage variation between extracted and I-V tracer 
recorded values normalised results to STC values with different number of point selected for 
the fitting process. 
 
Uncertainty source Before After 
Isc 0.30% 0.21% 
Voc 0.31% 0.24% 
Pmpp 0.18% 0.14% 
Array Yield (Ys) 3.09-5.13% 3.04-5.10% 
Table 5.4. Uncertainty values for extracted and calculated parameters used in later sections. 
The column marked (Before) indicates uncertainty values before applying the I-V extraction 
method proposed in section 5.3.3.5 while the one marked (After) is after applying them.  
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5.3.4 Outdoor measurements, data analysis and observations  
 
5.3.4.1 Module inspection and visual observations 
The commissioning of the modules started at two different dates, the micromorph modules 
were installed from the 8/5/2011 and the cadmium telluride modules on the 29/2/2012. Figure 
5.23 shows the variation in module condition since then. The visual inspection of the modules 
by the end of the cycle did not show any apparent damage although a very clear pattern of 
dust accumulation was shown on the non-cleaned modules. The tilted modules showed the 
same amount of accumulation (see picture dated at 7/9/2011 in Figure 5.23) under dry 
conditions when inspected visually.  
Over time, the 0° tilted modules showed higher concentration of dust, mainly due to the 
minimal effect of removal agents such as gravity, wind and rain. The tilted modules benefit 
from rain cleaning as it tends to wash away the dust. However, due to the inability of the rain 
to move away in a directional path on the 0° tilted modules, the accumulated dust tended to 
stay on the surface as shown in Figure 5.23, pictures dated 25/12/2011 and 29/2/2012. This 
type tends to be bound very strongly to the surface of the module and can only be cleaned by 
scraping it or cleaning it with high pressure water. 
The framed µc/a-Si promoted further collection of dust in the internal edges of the frames of 
the 30° tilted modules. The 0° tilted module showed higher concentration of dust on its 
surface because collected rain water was unable to move out due to the thickness of the 
frames which ended up as water puddle that allows further collection of dust (Figure 5.23). 
During the exposure period, dust layers gather on the surface of the modules. They showed 
various different patterns of dust accumulation that could lead to non-uniform thermal 
distribution. Thermal images taken on the 28/8/2012 with an infrared camera showed an 
indication of non-uniform heat distribution on the modules. Pictures of the related modules 
are shown in Figure 5.24. In case of the 0° tilted module a high condensation of sticky dust 
layer was formed on the module which can be linked to the same location of the high 
temperature thermal formation. The other tilted dusty modules showed different indications 
of possible high temperature around the temperature sensor and in the area of the bus bar 
connection in the µc/a-Si module. This could be an indication of possible early failure due to 
hot spotting although no damaged module was found after the end of the monitored cycle. 
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This can be explained because the monitored modules individually loaded at maximum 
power point are not influenced by high potential difference to the ground as in series 
connected modules where it can lead to module failure. As for the cadmium telluride 
modules, due to their short exposure period, no thermal images were taken to be analysed in 
this case. 
 
Figure 5.23: Photographs of the monitored modules at different dates, with 8/5/2011 
indicating the start of data collection. 29/2/2012 is the start date for the CdTe data 
collection and 25/7/2012 is the last picture taken at the end of the monitoring campaign. 
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Figure 5.24: The left column shows thermal images taken from the back of the module on the 
28/8/2011, where the right column shows the condition of the module during the day the 
image was taken. 
 
5.3.4.2 Array yield and performance degradation 
The measured module data and the module initial flash data measured prior to installation 
were used to calculate the array yields. The percentage difference between the total array 
yield (Ys) of each un-cleaned module with respect to its cleaned twin was calculated and is 
shown in Figure 5.25. When comparing both µc/a-Si and CdTe dusty modules to the clean 
ones, the 0° tilted module showed the highest losses when compared to the 30° tilted ones. 
This can be attributed to high dust concentration on the surface of the 0° tilted module. It is 
also due to the contribution of the rain effect as shown in Figure 5.26 and Figure 5.27 where 
the 30° tilted modules recover greatly when there is rain in comparison to the 0° installed 
module where rain cleaning is minimal. 
The µc/a-Si module coated with a hydrophilic dust repellent coating did not show much of an 
improvement in total yield when compared to the 30° tilted dusty module; see Figure 5.25 
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0o tilt
66oC 
59oC 
62.6oC 73.5
oC 
30o at horizontal 
configuration
64oC 59oC 
95 
where a slight gain of 2.2% was achieved. This improvement cannot be fully linked to the 
contribution of the dust repellent coating. The reason is that the coating was reapplied to the 
module in September 2011 where the recoating procedure requires the module to be cleaned 
first and therefore the cleaning process can contribute greatly to improving the total yield in 
comparison to the non-cleaned 30° tilted module. The cleaning improvement can be observed 
in Figure 5.26 where the daily yield value improves in September 2011 even though no rain 
was recorded. Therefore, no critical improvement in the total yield was observed for the 
coated module. 
The µc/a-Si module tilted and installed with the cells oriented horizontally to the plane 
showed a better performance (by 3.1%) than that of the dusty 30° tilted module, even though 
no cleaning or coating was applied (see Figure 5.25). However, this improvement value 
cannot be taken for granted as it still falls within the margins if the standard uncertainty of the 
yield calculation (3.04-5.10% -section 5.3.3.5). 
The 0° tilted (dusty) µc/a-Si and CdTe modules showed the highest losses in total yield 
(Figure 5.25). The daily losses in array yield due to dust can be observed in Figure 5.26 and 
Figure 5.27. The 0° tilt had the higher losses of 74.5% of daily yield at the end of the 
exposure period when compared to the cleaned module. The module installed at 30° tilt had 
daily losses less than the 0° tilt due to rain cleaning effect as shown in Figure 5.26. The same 
pattern can be observed for the CdTe modules as higher losses are observed in the 0° tilt 
(49%) in comparison to 30° tilt (12%). The observed normalised values that are >1.0 in 
Figure 5.26 and Figure 5.27 are due to the installed modules manufacturer mismatch. 
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Figure 5.25: Percentage losses in array yield of the installed un-cleaned modules with respect 
to the cleaned module. 
 
 
Figure 5.26. Daily yield normalised to the clean module for the micromorph modules where 
the recovery in the daily yield was due to the rain cleaning effect. 
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Figure 5.27. Daily yield normalised to the clean module for CdTe modules where the 
recovery in the daily yield was due to the rain cleaning effect 
 
To further investigate the installed modules’ behaviour, the module parameters Isc, Voc, Pmpp, 
FF and efficiency were normalised by STC values (Figure 5.28) using the initial I-V data 
measured before the modules were deployed at the monitoring site (see Figure 5.28). The 
analysis was performed into two time intervals. The first interval (dusted) was just before the 
modules were decommissioned when the modules were in the worst dusty condition (26-
27/7/2012). The second interval (clean) is at the last day of the monitoring campaign when all 
the modules were cleaned again. The analysis results are shown in Table 5.5 and Figure 5.29. 
The normalised values show the module parameters with long term degradation. The µc/a-Si 
modules showed a relatively high rate of degradation in maximum power which varied from 
12-18% from the STC value after the full exposure period while it varied from 6-9% for the 
CdTe modules. The micromorph modules will have suffered some Staebler-Wronski 
degradation, and thus the higher result was expected. From the data processed no visible 
indications were observed that indicate that dust can accelerate or decelerate module 
degradation.  
 
 
 
0
1
2
3
4
5
6
7
8
0
0.2
0.4
0.6
0.8
1
1.2
29/02/2012 14/04/2012 29/05/2012 13/07/2012
Y s
(N
or
m
al
is
ed
 to
 c
le
an
 m
od
ul
e)
Date (dd/mm/yyyy)
Tilted
Flat
Rain
30o
0o
Recovery due to rain
Modules cleaned
98 
  Interval Isc Voc FF Pmpp1 Pmpp2 
M
ic
ro
m
or
ph
 
30°-Coated Dusted 0.85 0.94 0.92 0.74 NA 
Clean 1.05 0.95 0.89 0.88 NA 
30°-Clean Dusted 1.01 0.94 0.89 0.86 NA 
Clean 1.01 0.94 0.89 0.85 0.89 
0°-Clean Dusted 0.99 0.95 0.88 0.83 NA 
Clean 1.01 0.94 0.88 0.85 0.88 
30°-Horizontal Dusted 0.81 0.94 0.91 0.70 NA 
Clean 0.97 0.95 0.92 0.85 0.88 
30° Dusted 0.79 0.93 0.91 0.66 NA 
Clean 0.99 0.94 0.89 0.82 NA 
0° Dusted 0.27 0.88 0.99 0.23 NA 
Clean 0.99 0.93 0.90 0.83 0.87 
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 30°-Clean Dusted 0.96 0.92 0.92 0.81 NA 
Clean 0.97 0.93 0.91 0.82 NA 
0°-Clean Dusted 0.94 0.94 1.04 0.92 NA 
Clean 0.96 0.94 1.03 0.93 0.94 
30° Dusted 0.83 0.90 0.96 0.71 NA 
Clean 0.97 0.91 0.94 0.83 NA 
0° Dusted 0.53 0.90 1.06 0.50 NA 
Clean 0.96 0.94 1.03 0.92 0.94 
Table 5.5. Comparison between the monitored modules main parameters normalised to the 
initial measured STC values. The “dusted” interval refers to the last day of the monitored 
cycle before the modules were cleaned. The interval marked “clean” refers to the final day of 
the monitoring cycle where the modules were cleaned. Pmpp1 is the module maximum power 
measured using outdoor data normalised to initial STC data. Pmpp2 is the module maximum 
power measured indoors normalised to STC. NA= no measurements are available. Very low 
values are highlighted in the table. 
 
The slight increase in the fill factor (FF) in the dusted module (see Table 5.5) can be 
attributed to the current mismatch due dust non-uniform accumulation on those modules. 
This is observed clearly at the modules installed at the 0° tilt where for CdTe modules the FF 
increased by 3% while for the micromorph modules it increased by 9%. The losses due to 
dust accumulation on the module can be observed from the parameters measured at the 
dusted interval in Table 5.5. The highest losses were shown for the 0° tilted module for both 
module types. To further assess the most affected parameter out of the monitored modules, 
the percentage difference between the normalised values was obtained between the two 
measured intervals to eliminate the degradation of the module (Figure 5.29). Isc was the most 
sensitive parameter to dust whereas Voc showed a very slight sensitivity in comparison. This 
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can be explained due to the dependence of Isc on irradiance and the spectrum and the direct 
relation of dust in affecting these factors.  
 
 
Figure 5.28. Initial indoor measured I-V data at STC. Measurements taken in the CREST lab 
using a Pasan 3b solar simulator for all modules before they were deployed to the monitoring 
site. Refer to Table 5.2 for module ID reference details. 
 
 
Figure 5.29. Percentage difference variation between STC normalised values of the final non-
cleaned module to the cleaned module at the end of the monitoring cycle. 
 
The seasonal performance variation of the µc/a-Si modules was also investigated. Variation is 
expected due to the effect known as Staebler-Wronski behaviour where the modules degrade 
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under illumination during colder seasons and then recover some of their performance in the 
warm season due to thermal annealing [13, 80]. This effect was investigated by means of 
filtering the µc/a-Si module data for a common irradiance and temperature that is found 
during each month of the exposure period. The data was filtered by means of irradiance of 
700 W/m2 ±2% and temperature of 50oC ±2° and then used to calculate the average monthly 
efficiency for the each of the installed µc/a-Si modules where the results are presented in 
Figure 5.30. Although due to seasonal variation of irradiance some spectral and angle of 
incidence variations will still affect the filtered results. 
The efficiencies calculated were normalised to the initial value to show possible degradation 
from the start of the monitoring campaign as shown in Figure 5.30. The clean modules 
showed similar initial degradation rates for the first month of exposure, although the drop 
observed was still within the total uncertainty of the efficiency calculation presented as the 
error bars in Figure 5.30. Therefore it should not affect the calculation of the soiling ratio 
values for the µc/a-Si modules significantly. The dusty modules exhibited a different rate of 
drop which cannot be explained as degradation alone, mainly due to the huge (78% for 0° and 
34% for 30°) magnitude of the performance reduction induced by dust accumulation on the 
surface of the dusty modules. The efficiency did not show any seasonal pattern with seasonal 
temperature variation as shown in Figure 5.30. This is mainly because the temperature is too 
hot and it never gets cold enough to shift the balance between annealing and degrading 
significantly [80]. Therefore it can be said that no clear Staebler-Wronski 
degradation/annealing cycles can be observed during this measurement campaign.  
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Figure 5.30. Seasonal normalised efficiency variation over the full monitoring campaign 
period for the micromorph modules. Ta=ambient temperature and Tm=averaged module 
temperature. 
 
Looking further into day-by-day data revealed that the losses vary during the day time where 
they are at a minimum in the early morning and increase by noon time when irradiance is at 
its maximum value and the spectrum is closest to AM 1.5. The modules Isc investigated by 
selecting a clear non-dusty day with good irradiance (25/6/2012) to compare the soiling ratio 
variation over irradiance. The difference between the clean and dusty modules short circuit 
current over irradiance (in Figure 5.31) did not show clear indication of possible spectral 
dependency to dust. This can be contributed to the larger broadband irradiance effect that can 
overlay the dust spectral attenuation. In addition to that the large losses due to dust makes it 
hard separate other effects with smaller impact magnitude. 
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Figure 5.31. Isc/G comparison for dusty and clean modules for one clear –non-dusty day 
(25/6/2012). 
 
5.3.4.3 Soiling ratio and environmental effects 
The modules’ soiling ratios were obtained by means of the ratio of the short-circuit currents 
of the dusty and cleaned modules of each pair, filtered for irradiance of 1000 ±2% W/m2 to 
reduce spectral sensitivity. The data were processed for the whole monitoring campaign 
shown in Figure 5.32. The graph shows clearly that the 30° tilted modules are affected less 
over time than the 0° tilted modules. However, the 30° tilted modules data has more scattered 
points (the high and low scattered noise in the top graph in Figure 5.32). This can be 
attributed to the fact that the 30° tilted modules are more affected by removal agents, ground 
albedo and surrounding reflections which can introduce a slight variation between the two 
modules while the 0° modules are less affected by those issues.  
To investigate environmental links to the soiling effect, wind speed, relative humidity, 
ambient temperature and rain data were placed in the same time series as the soiling ratio data 
as shown in Figure 5.32. Analysing the data showed no direct correlation of soiling ratio to 
relative humidity, ambient temperature, or wind speed. Although there are indications of 
increases in the soiling ratio (increased losses due to dust) when wind speed fluctuates over a 
continuous period of time, the same followed by a small dip in the ambient temperature and 
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relative humidity as marked in Figure 5.32. This effect comes from air turbulence increasing 
with the rise of dust and, on a dusty day, the temperature decreases and the relative humidity 
increases as explained in section 5.2.2. As this effect is delayed due to the time dust needs to 
accumulate, no clear or direct relation can be seen with soiling ratio values and only with 
wind speed an observation delayed over time can be made as shown in Figure 5.34. A slight 
reduction in soiling ratio was directly observed after two days of fluctuating wind where on 
the third day the wind settled down below 1.5 m/s average speed and changed direction from 
north west to north east. This allowed an increase in dust accumulation after a couple of days 
of high suspended dust due to the fluctuating wind. 
Investigating the rain data however, a direct relation can be observed with the soiling ratio 
improving when rain is recorded in Figure 5.32. However, the gain due to rain varies with 
respect to the module tilt. 30° tilted modules were affected clearly by rain while the 0° tilted 
module showed less effect. Looking into further details, the increase in soiling ratio was 
recorded after rain events as shown in Figure 5.33. The 30° tilted modules showed a direct 
linear relation where the soiling ratio improves with rain, while the 0° installed modules 
showed more of a scattered point distribution with no direct relation to rain. The negative 
gain in soiling ratio in the 0° tilt modules can be explained by the atmospheric wash of dust 
which increases the accumulated dust on the PV module surface. 
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Figure 5.32: Synchronised soiling ratio for CdTe and µc/a-Si modules at 0° and 30° tilt 
orientation to show the variation during the exposure interval in addition to recorded 
environmental parameters, where WS=Wind Speed, Ta=Ambient Temperature, RH=Relative 
Humidity, Rain=Rain. The CdTe modules have different starting date (29/2/2012) than the 
µc/a-Si (8/5/2011) therefore the soiling ratio values are only shown for that exposure period. 
 
 
Figure 5.33. Percentage gain in the soiling ratio due to rain cleaning effect for 30° and 0° 
tilted modules. A negative gain in soiling ratio means that soiling increased after rain. 
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Figure 5.34. Three day wind speed, wind direction and soiling ratio data from 18/9/2011 until 
20/9/2011 where it shows a slight drop in soiling ratio after couple of days of fluctuating 
wind and sudden change in wind direction. Wind speed is normalised to the maximum wind 
value. 
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5.4 Conclusion 
The dust accumulation on the modules showed a visible effect where different patterns of 
dust accumulation started to form over time. Initially, this occurs for all modules regardless 
of the module tilt, but then with wind, relative humidity and rain cleaning, the dust pattern 
becomes more visibly obstructive. It favours direct slopes where rain can run off directly and 
drag dust accumulated on the module with it. Extremely dusty modules showed a non-
uniform thermal distribution especially when the modules are covered with thick non-
uniform dust formation. This could potentially lead to module failure when connected in 
series with other modules. 
Environmental factors such as wind speed, relative humidity, ambient temperature and rain 
have an effect on increasing or decreasing dust accumulation. Where a rise in maximum wind 
speed increases the suspended dust and supports the rise of dust, a further continuation of 
raised dust can eventually lead to dust storms. Conversely, gusts of wind in short timescales 
can support the removal of accumulated dust and the same can be said about heavy rain.  
Outdoor measurements showed that dust has a direct effect in reducing module performance. 
For the total exposure period, the 30° tilted modules’ array yields were less affected than that 
of the 0° tilted modules without regard to technology type. No critical indication was found 
to favour horizontal-cell installation configuration or modules with dust repellent coating for 
operation under dusty climates. The µc/a-Si modules showed high initial degradation that 
varied from 12-18% of the original STC value in comparison to 6-8% for the CdTe modules 
which is considerably high (0.8%/year is normal degradation for CdTe) considering the short 
monitoring period for which they were exposed. Nevertheless, no visible indication was 
found to indicate any degradation acceleration or deceleration specifically due to dust 
accumulation. The µc/a-Si modules showed no clear seasonal pattern with ambient 
temperature, and thus no Staebler-Wronski degradation/annealing pattern was observed. The 
parameters most sensitive to dust were found to be the short-circuit current, while only a very 
small change was observed in the open-circuit voltage.  
The soiling ratio was obtained for the 0° and 30° pairs. It showed a clear effect of dust. The 
0° tilted module soiling ratio showed a higher soiling effect over time when compared to 30° 
tilted module which confirms similar findings in chapter 3 relating to dust accumulation. The 
recovery of the 0° tilted modules due to rain was small in comparison to the 30° tilted 
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modules where the soiling effect reduced the specific module total yield by 12% for the CdTe 
and 49% µc/a-Si. 
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6 Energy Prediction and Dust Effect 
 
6.1 Introduction 
Energy prediction for PV systems is a sensitive field in the PV industry. It is needed for 
system designers to ensure optimised design for high energy harvesting and fault detection 
over time. Also financial viability supports and loans for purchasing PV systems are highly 
based on the energy prediction models to ensure that PV systems will produce enough energy 
to repay it cost. Therefore with the large increase in the number of photovoltaic installations 
around the world, it becomes important to provide good energy prediction models for PV 
systems. Different simulation packages have been developed and are being used. However, 
none of the existing simulation packages can adequately model the losses due to dust-soiling 
and subsequent improvements due to rain. Therefore a link needs to be established between 
these two to PV performance. 
Dust effects on PV modules have been researched by a number of groups. Biryukov and 
Goossens provided a model to explain how dust accumulates on the surface of solar collector 
mirror. Their work is based on assuming dry conditions to simplify the dust particle 
depositions that affect dust accumulation to accommodate for losses in optical efficiency in 
solar collectors [6, 24, 69, 81]. Their approach provide tool that simplifies the dust deposition 
mechanism model. Further adaptation to accommodate for the losses in PV modules from the 
perspective of spectral transmittance losses is presented in this chapter. Other groups have 
tried different approaches where empirical relations are obtained from outdoor experiments. 
In their work a relation between PV module performance and dust accumulation was 
obtained and used to set up the model of losses due to dust accumulation [4, 64]. The results 
obtained from these groups are highly location-and climate-specific, and contain no ability to 
accommodate for any spectral variation due to dust. Al-Hasan presented an analytical model 
where he calculates the dust transmittance by assuming a fixed shape of dust particle 
(spherical) and one specific material type [21]. A recent work presented by Beattie presented 
a different kind of analytical model where he tried to account for dust particles accumulating 
on top of each other to form layers which can further reduce the transmittance [82]. These 
models provide good approaches to calculating the transmittance but they do not provide a 
general method to further correlate them to different PV technologies. 
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One of the main issues with modelling dust transmittance is the irregular shape of the 
particles and so most published approaches depend on simplifying the particle shape to a 
sphere. This can be sufficient if an approximation only is needed and in practical terms it is 
the only feasible option where computational power is limited. A better approach is the direct 
measurements of dust samples as described in chapter 3. The second problem is connecting 
the dust transmittance models to an actual real dust accumulation scenario. To date, this was 
done only with fitted data and empirical values. The approach proposed in this work is based 
on the assumption that the majority of dust accumulation happens as dry dust deposition. This 
was presented by Biryukov where he provided a simplified analytical model to account for 
calculating dust accumulation on a surface [24]. His method takes into consideration different 
environmental variables such as wind speed, wind direction and rollover/bounce off effect. 
This approach allows for calculation of dust accumulation. It is linked in this work to actual 
dust transmittance data obtained from chapter 3. 
The spectral attenuation factor demonstrated in chapter 3 is not yet considered in any 
prediction model. This effect varies according to dust concentration, particle size distribution 
and material composition [83-85]. Previous models fail to reproduce this effect, thus a new 
method able to accurately model spectral dust attenuation has been developed here. This 
chapter introduces a parameter to characterise the effect of soiling effects (soiling ratio), 
describes the soiling model, presents a sensitivity analysis, proposes a long term analysis in 
the form of Monte-Carlo analysis and finally introduces a procedure to determine optimised 
cost analysis of different cleaning frequencies. 
 
6.2 Model Structure 
Different models were used to correlate dust effect to PV module performance. The reduction 
in performance is related to the amount of dust concentration accumulated on its surface, 
which directly affects the current in a spectrally dependant manner. The first stage of the 
model is calculating the dust flux. The dust flux is corrected for rain based on empirical data, 
adjusted for cleaning and finally corrected for roll over/bounce off effect of dust (removal of 
dust particles due to wind). Dust accumulation is then calculated from the dust flux value 
over a period of time. 
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The model links calculated dust accumulation data to measured spectral transmittance data 
for specific samples of dust. The transmittance data is then used to calculate the soiling ratio 
value which is used as a correction following the IEC 60891:2009 procedure 2 [86]. The full 
model structure is presented in Figure 6.1. 
 
 
Figure 6.1. Dust modelling structure flow chart. The main model sections are marked as 
numbered blocks. 
 
6.2.1 Dust accumulation 
Dust particles go through three main stages, the first stage is when they rise from the ground 
and into the air. The second stage is when the particles are suspended in the air due to initial 
force or turbulent flow of the air. The last stage is when they start to settle on a surface [87]. 
The last stage where deposition happens is the focus of this work.  
The size distribution of dust particles collected under the same meteorological conditions 
shows similar patterns. The collected samples showed a stable pattern where the majority of 
the particle diameters were in the range of 10-20µm. This was verified by measurements as 
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given in section 3.5, Table 3.2 and also by Biryuokov as it set a definitive mechanism for the 
accumulation of dust particles of that range [24]. 
To simplify the calculation of the accumulated particles, an assumption was made that it is 
happening in dry-deposition process [87] which assumes the absence of complicating water 
condensation effect. The deposition of dust particles outdoors happens under two main 
mechanisms for particles larger than 1 µm, the first one is by settling in viscous air under 
gravity, known as sedimentation. The second mechanism is by inertial impact from eddies 
which is known as eddy diffusion [88]. 
The expression for the deposition velocity in turbulent flow under gravity is driven by 
consideration of a stationary gas above a flat plate with tilt θ to the horizontal and particles 
that are transported, by means of gravity (Vs cosθ) and diffusion (D), through the thin layer of 
gas. In this work with particle size > 1 µm, Brownian diffusion is negligible [87] and thus 
diffusion coefficient can be used to describe turbulent diffusion. The first stage of calculating 
the accumulated dust is by calculating the dust flux rate (J) which represents the rate of dust 
landing on surface. Under dry deposition conditions, Biryuokov presents the dust flux rate as 
a one dimensional linear equation represented by the summation of sedimentation and 
diffusion as given in equation (6.1) [24]. 
J=D
dn
dz
+Vs cos θ (6.1)
Where Vs is the sedimentation velocity, D the turbulent diffusivity and n the particle 
concentration. By taking the integral of equation (6.1) under the conditions of n = N at the 
edge of the gas layer at z = ha and at z = 0 (z axis is normal to the surface) then n = 0. 
J=
Vs cos θ N 
1-e
ቆ-Vs cos θ ቀ௛ೌ஽ ቁቇ
 (6.2)
The turbulent diffusivity D can be calculated from equation 6.3  
ܦ ൌ ߙ௔௧௦ඥሺܹᇱሻଶ ݇௩௞ ݄௔ (6.3)
Where W’ is the fluctuation in the vertical wind speed, αats is the atmospheric condition, kvk is 
Von Karman constant and h is the height of the wind speed measurement to the surface. The 
W’ is calculated from the difference between the wind velocity vertical components Uy and 
the wind friction velocity U’y as in equation 6.4. 
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ܹᇱ ൌ ܷ௬ െ ܷ௬ᇱ  (6.4)
 It should be noted that gravity can be the main deposition contributor when Vs cosθ (h/D) 
>>1 which results in the same particle distribution under different tilted surfaces. On the 
other hand, when Vs cosθ (h/D) <<1, this will result in deposition depending only on 
diffusion and gravity effects are negligible ( Figure 6.2). This will totally negate the effect of 
tilt of the surface and set both deposition rate J and velocity Vs independent of it [24]. The 
particle velocity can be calculated from equation (6.5) [24]. 
 
 
 Figure 6.2. Variation of dust flux (J) over particle velocity (Vs) under different h/D 
parameters from equation 6.2. It shows the different scenarios where either gravity or 
diffusion can be the main contributor to dust deposition. 
 
Vs=
1
18
 
ρ g
μ  d
2 
C
ܭୱ୮ (6.5) 
 Here g is the acceleration due to gravity, ρ is the dust particle density, µ is the air dynamic 
viscosity, d dust particle diameter, C the Cunningham correction factor (≈ 1 for d > 1 µm) 
and Ksp is a constant that depends on the particle nonsphericity and surface area [88]. The 
1/18 is a constant resulted from the simplification of the particle spherical shape.  
 The roll-over/bounce-off effect was accounted for in the term of attachment efficiency 
coefficient Ad which is used to correct the dust flux J by applying this to equation (6.2) and 
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results in equation (6.6). The value of the attachment efficiency was obtained through a 
measurement method mentioned by Biryukov by applying two tilted surfaces that are parallel 
to the wind direction (Figure 6.3). One of the surfaces is coated with absorbent material 
(white Vaseline) while the other one is kept clean. Deposition is determined as the difference 
of the two surfaces employing electronic microscopy and the attachment coefficient Ad is 
determined by means of ratio between particles attached and repelled between the two 
surfaces. It is calculated as Ad=Jclean/Jcoated [24]. The attachment coefficient reported by 
Biryukov, which is shown in Figure 6.4, was obtained for an environment close to that of 
Kuwait and under similar conditions (desert and dusty). His results showed that the 
attachment coefficient is within the range of 0.87±0.02. This is mainly attributed to the roll-
over/bounce-off effect which limits the net deposition of dust particles at an air flow parallel 
to the collecting surface. This effect was confirmed by Ziskind and Paw U and Braaten [89, 
90]. The full procedure for calculating the dust flux ratio is shown in the flow chart in  Figure 
6.5. 
J=
Vs cos θ  N 
1-eቀ-Vs cos θ 
௛౗
D ቁ
. ܣௗ (6.6) 
 
   
Figure 6.3. Experimentation setup used for measuring attachment coefficient Ad where the 
sample is placed on a tilted surface on a wind vane [24]. 
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Figure 6.4. Attachment coefficient calculation between two glass sheets, where one is clean 
and the other one is coated with adhesive material [24]. 
 
 
 Figure 6.5. Flow chart explaining the method used to calculate the dust accumulation on a 
surface 
 
 The dust accumulation value is calculated by the integration of the area of the total dust flux 
rate over the desired period of time (hours/days) as in equation (6.7). The complete procedure 
used to calculate the dust accumulation (DDust) is shown in the flow chart in Figure 6.1. 
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DDust= න Jሺtሻ dt
t
0
 
(6.7)
 
6.2.2 Cleaning correction  
 When dust accumulates on the surface of a PV module the first and most obvious solution to 
this problem is to clean the module. Therefore it is important to include into the model 
scheduled cleaning. Cleaning is carried out to remove any accumulated dust on the surface of 
the PV module, thus it affects only the dust accumulation calculation. This is done by means 
of correction factor Cf which resets the dust accumulation value to zero every time it is 
applied to equation (6.8) so in a sense it is a binary value. 
DDust=  ܥ௙ න Jሺtሻ dt
t
0
 (6.8)
 
 
Figure 6.6. Flow chart explaining the setup of the cleaning schedule by defining the input 
sample number, where in this case it is the number of days in a year. 
 
 The cleaning schedule factor is set in two ways, the first one is manually to select the date at 
which the module is to be cleaned. The second approach is to set the time intervals between 
cleaning and let the model determine when the module cleaning factor is to be applied. This 
procedure is shown in the flow chart in Figure 6.6 
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6.2.3 Rain correction 
 Rain modifies the effect of accumulated dust by removing it or rearranging it to some 
degree. Water will break down the adhesion of the particles to the surface and remove it. 
Insufficient amounts of water will not be enough to break down all the bonds and thus it can 
enhance the surface adhesion when the water evaporates [7, 87]. Different groups report 
improvement in their PV systems’ performance after a rain event due to dust removal [3, 4, 
7]. There is an amount noted as a minimum threshold where rain will produce no cleaning 
effect that results in PV module performance improvement. The maximum threshold is 
defined as the amount of rain that is required to reset the PV module performance to about 
1% of its clean performance value [4, 7].  
 Modelling cleaning effect due to rain is complicated by the lack of detailed analytical models 
and the unpredictability of rain. Therefore the rain data obtained in section 5.3 is used, in 
addition to the work presented by different groups [3, 4, 7] where rain cleaning is reported as 
percentage improvement in the PV module performance. An empirical relation was obtained 
based on 24 hours rain data to facilitate the improvement in PV module performance by the 
amount of rain (R) as presented in equation (6.9) 
Rc=
ۖە
۔
ۖۓ 1                                              R<Rmin
‐0.2336  R + 1.0608          Rmin≤R<Rmax 
0.01                                           R≥Rmax
 (6.9)
 Here the correction is set according to the pre-set limits for minimum (Rmin) and maximum 
(Rmax) rain thresholds. The value used was set to 5 mm of rain for the maximum and 1 mm 
for the minimum as this was suggested by Hammond for tilted modules [7]. The correction 
procedure as explained in  Figure 6.7 takes the PV module condition into account, while it 
ignores any correction if the module was cleaned on the day of the rain or if the modules are 
newly installed or when the rain is below the minimum threshold. These exclusion factors are 
presented as input value (A) in  Figure 6.7. 
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 Figure 6.7. Rain correction procedure checks first for input parameters exclusion cases (A) 
were no rain corrections are applied if those cases are true. When no exclusions are detected 
it applies rain correction to the accumulated dust based on the amount of rain in comparison 
to the rain threshold value. 
 
 The rain correction model introduces a limitation, due to the fact that it was obtained by 
fitting PV system performance data where the correction fails in the following cases: 
 The module data is extracted from data of module of an inclination of 30° and 
thus any variation of the tilt will introduce more error, 
 Rain correction depends on the available rain data which makes it hard to take into 
account for long term energy prediction, and 
 The equation is extracted for specific technologies and will vary slightly for 
differing technologies.  
 The rain correction was applied to equation (6.6) with the rain correction factor (Rc), this 
resulted to equation (6.10). 
DDust=  ܥ௙ ܴ௖ න Jሺtሻ dt
t
଴
 (6.10)
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6.2.4 Soiling ratio 
A soiling ratio that describes the losses in the module due to dust accumulation was presented 
in section 3.5.5 where a ratio between two current densities of same technology is calculated 
by adjusting them to the losses of transmittance due to dust (equation 6.11). 
PVSR=
׬ 		ܧሺߣሻ ܴܵሺߣሻ ܦܵܶሺߣሻ100 ݀ߣ
ଵଶ଴଴
ଷ଴଴
׬ Eሺλሻ 	SRሺλሻ 	 dλ1200300
ሺ6.11ሻ
 Where PVSR is the PV soiling ratio, E is the spectral irradiance, SR is the spectral response 
for the specific technology and DST is the dust spectral transmittance at specific dust density. 
The dust accumulating on the surface of the PV modules is obtained by calculating the dust 
deposition rate (J) over a period of time as specified in equation 6.8. The spectral irradiance 
(E) is calculated using SMARTS (Simple Model of the Atmospheric Radiation Transfer of 
Sunshine) [40] as shown in  Figure 6.8. It is then used to calculate the soiling ratio (PVSR) by 
combining the spectral response (SR) of the test sample with the measured dust spectral 
transmittance data obtained in chapter 3. 
 
 
 Figure 6.8. Procedure for blocks 4 and 5 where the spectral irradiance is generated by 
SMARTS then used to calculate the soiling ratio value. 
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6.2.5 Energy model 
 The final stage of the model is the calculation of the module array yield (Ys) performed at 
block 6 in the flow chart shown in Figure 6.1. Dust impacts mostly on the current generation 
of the PV module. This is taken into account by modifying the international standard IEC 
60891:2009, correction procedure 2 [11] to account for the PV soiling ratio (PVSR). This 
allows a correction of the current generated as given in equation 6.12. The module voltage is 
calculated by solving I2 from equation 6.12 and substituting it into equation 6.13 (see 
nomenclature for equations 6.12 and 6.13 parameter definitions).  
I2=I1		PVSR ൫1+ αrel 	 ሺ ଶܶ െ ଵܶሻ൯ 	 G2G1 
(6.12)
 
V2=V1+VOC1		 ൬βrelሺT2-T1ሻ+α 	 ln ൬
G2
G1
൰൰ -Rs' 	ሺI2-I1ሻ- K' 	I2 	ሺT2-T1ሻ (6.13)
 
6.2.6 Long term analysis 
The energy prediction of PV modules is highly dependent on different external variables such 
as irradiance, ambient temperature, solar spectrum, shading and soiling. The variability of 
these parameters can add a lot of uncertainty to the energy prediction cycles over the years, 
where those cycles are not deterministic and thus can be only simulated statistically. In this 
case, to quantify the likely impact of dust for a given location, a Monte-Carlo simulation was 
used to determine the statistical impact. A set of 10 years data was used to identify the 
boundaries for randomising the dust concentration, solar radiation, air temperature and wind 
speed over the simulated cycles. 
The model input parameters are modified randomly and then simulated repeatedly. The 
standard deviation is calculated from the group of simulations. Different simulation scenarios 
were carried out to account for cases such as tilt angle and dust. To further improve the 
simulation results, the simulated data are compared to the measured data from chapter 5. The 
comparison results are then set as a condition in the Monte-Carlo simulation to improve the 
final results as shown in Figure 6.9.  
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Figure 6.9. Steps used for the long term energy analysis. 
 
6.2.7 The affect of cleaning on yield losses 
The percentage difference between the cleaned and dusted Ys values is used as an indicator 
value for an acceptable range of losses in Ys. A cleaning is then set for the dusted module 
every time the indicator value has gone over the presented acceptable loss in Ys. The cycle is 
repeated again with new cleaning points and is checked again for any other deviations. This 
approach is repeated for the whole simulated cycle until the array yield deviation from the 
clean are all within the acceptable range. The cleaning frequency is then calculated as the 
total number of cleaning events generated from this simulation cycle as explained in the 
flowchart shown in Figure 6.10. The costs and benefits of each cleaning scenario are 
presented to provide an optimisation approach for selecting the best scenario to clean the PV 
module to maximize energy generation and minimize loss due to dust. 
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Figure 6.10. Cleaning schedule procedure for minimizing losses in array yield due to dust. 
 
6.3 Simulation Approach and Analysis 
The model execution was performed using a combination of MATLAB and SMARTS 
software. The initial input was imported into MATLAB. The model was compared to real 
measured data where the error was observed, explained and corrected where applicable. A 
sensitivity analysis of the model to its input parameters was then carried out to verify the 
model input dependency and to quantify how close a match to the results observed in chapter 
5 is attained. 
 
6.3.1 Model validation 
The outdoor measured data from section 5.3.4 were used for the model comparison. The 
interval selected was from May 5th 2011 to February 12th 2012 for micromorph (µc/a-Si) 
modules, and February 29th 2012 to July 16th 2012 for CdTe modules. In addition, the module 
current-voltage data measured at STC and spectral response data were used as input to the 
current model to calculate Ys. The Ys for both types of modules (µc/a-Si and CdTe) at 0° tilt 
and 30° tilt installation were simulated as shown in Figure 6.11 and Figure 6.12. A simplified 
approach was used for the micromorph module spectral response correction. An assumption 
that the lower cell is the limiting cell was used and thus the corresponding spectral response 
data was used. This simplification was made due to the complexity of selecting the active 
spectral response of the two series cells forming the micromorph cell (µc and a-Si). 
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Figure 6.11. Simulated daily array energy yield normalised to the clean module compared to 
measured data of the same type installed in 0° tilt (horizontal). 
 
 
Figure 6.12. Simulated daily array energy yield normalised to the clean module compared to 
measured data of the same type for module installed on a 30° tilt angle. 
 
Not accounting for dust can result in large deviations. In the case investigated here, the 
deviation between measured and simulated array yields was 47% for 0° tilt and 17.9% for 30° 
tilted configuration for the µc/a-Si and 53% for 0° tilt and 14.4% for 30° tilted configuration 
for the CdTe (see Figure 6.13). This was significantly improved by applying the dust 
correction model presented above. Comparing the total array yield for the measured period to 
the modelled results, the model showed a deviation for µc/a-Si of 4% for the 30° tilt and 
7.8% for the 0° tilt installed modules and a deviation for CdTe of 6% for the 30° tilt and 1% 
for the 0° tilt installed modules when comparing the measured and simulated clean module. A 
comparison of simulated and measured data for a dusty module showed a deviation for the 
µc/a-Si of 17.8% for the 0° tilt and -6.9% for the 30° tilt configuration and for the CdTe of 
16% for the 0° tilt and -8.7% for the 30° tilt when the simulated data accounted for soiling 
ratio losses. Correcting the data for both rain and dust increased the variation for the µc/a-Si 
to 26% for the 0° tilt configuration while it’s improved it for the 30° tilt configuration to 1%, 
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as for the CdTe modules the variation increased to 32% while it improved it to 2.5% for the 
30° tilted module as shown in Figure 6.13. This is mainly due to the IEC 60891:2009 energy 
model overestimating the energy production because it does not account for the dust losses in 
the actual measured data. Rain works as a cleaning agent and thus is a positive correction 
value, which leads to an increase in the performance instead of a reducing it. This means that 
at this stage it cannot account correctly for rain in the 0° tilt configuration. 
 
 
Figure 6.13. Percentage difference between simulated/measured array yields for the total 
measured interval for modules installed at horizontal and tilted configuration. 
 
The model reproduces the measured daily energy array yield very well, albeit the error in the 
simulations is accumulative. It deviates over 10% after 180 and 62 days for the µc/a-Si and 
CdTe modules respectively, as shown in Figure 6.14. The temporal stability was worse for 
the 0° tilt configuration due to the higher amount of accumulation and inability of the rain to 
fully clean it. The deviation of 10% was reached after 158 days for the µc/a-Si and 40 days 
for the CdTe as shown in Figure 6.15. Because the module data was recorded in different 
time periods, the number of days needed to go over the 10% deviation may not be the best 
number to characterise the model quality. The percentage deviation kept increasing over time 
due to the increase in the dust accumulation and lack of significant rain in addition to the IEC 
model underestimating the prediction value. Thus the characteristic value used was changed 
to the corresponding dust accumulation value instead of the number of days. This provides a 
better indication of when the modelled data starts to vary from the measured. The least 
number of days required before the modelled Ys starts to deviate by more than 10% was seen 
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for the 0° tilt configuration. This is linked to the modelled dust concentration which 
amounted to 8.5 mg/cm2 for the µc/a-Si and 8.6 mg/cm2 for the CdTe on the surface of the 
module. The link to the absolute dust accumulation plays a major role in the increasing 
deviation of the dust correction factor. The deviation decreases again every time the dust 
accumulation is reduced due to rain. This indicates that anomalies such as dust storms can 
increase the model uncertainty, which is expected. When a period was selected for which the 
difference was less than 10%, the final deviation was reduced to 1.76%. The maximum 
difference between the clean simulated Ys and dusty measured Ys data also improved to 
16.12%. It further improved to 1% when applying both rain and dust correction. 
 
 
Figure 6.14. Daily percentage difference between measured and simulated data at 30o tilt, 
showing the break off point at 8.8 mg/cm2 for the micromorph module and 6.4 mg/cm2 for 
the CdTe where the % difference is higher than 10%. 
 
  
Figure 6.15. Daily percentage difference between measured and simulated data at horizontal 
configuration, showing the break off point at 8.5 mg/cm2 for the micromorph and 6.4 mg/cm2 
for the CdTe where the % difference is higher than 10%. 
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6.3.2 Sensitivity analysis  
The model sensitivity to the main input variables, mainly time dependent parameters such as 
irradiance, wind speed, ambient temperature and dust concentration, was assessed. The main 
input factors affecting the daily variation of the dust correction value were varied from +10% 
to -10%. It showed that the simulated PVSR value is mainly sensitive to dust concentration 
and wind speed, while the daily array yield is affected mostly by the irradiance, followed by 
dust concentration, wind speed and finally ambient temperature as shown in Figure 6.16. The 
model also shows that the effects of dust concentration cause greater energy losses than 
temperature, which is demonstrated in Figure 6.16.  
 
 
Figure 6.16. Sensitivity analysis for wind speed (WS), dust concentration (DC), ambient 
temperature (AT) and irradiance (G) for PV soiling ratio (PVSR) and daily array yield (DYs). 
The deviation from 1.0 in this graph means the deviation from the initial input value used for 
calculating the sensitivity analysis. 
 
6.3.3 Long term energy prediction 
In order to identify the model accuracy in the long term energy prediction, simultaneous 
simulations were carried out. The boundaries for random variation of each simulation cycle 
was set as ±5% for irradiance and ambient temperature, ±30% for wind speed and ±40% for 
dust concentration. The variation in the input data range was calculated from a collection of 
meteorological data obtained from EPA of Kuwait [67] and KISR. The rain correction was 
not applied here, as rain patterns are hard to predict and one year of rain data is not enough to 
reflect the long-term rain effect. The probability of the distributed results under the input 
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boundaries conditions and 5000 Monte-Carlo cycles was confirmed to be within normal 
distribution (Figure 6.17). 
As explained in section 6.2.6 the long term analysis was initiated by looking into the possible 
variations due to soiling over longer periods of time for both scenarios (0° tilt (horizontal) 
and 30° tilt installation orientation). It should take into account variations in the other input 
values such as irradiance, wind speed and ambient temperature in the PV module array yield. 
The analysis was run for both technologies (CdTe and µc/a-Si). For µc/a-Si the total possible 
daily Ys standard deviation (SD) (normalised to average) varied in the range of 38% for the 
0° tilt installed module and 27% for the 30° tilt installed configuration. For the CdTe module 
the SD value varied in the range of 22% for 0° tilt installed module and 26% for 30° tilt 
installed configuration (Figure 6.18). A SD of 17% of the PV soiling ratio (PVSR) shows that 
soiling does play a major role on affecting the yield of the module. However, the PVSR value 
did not show much of a variation over time even when exposed at different configurations. 
This can be attributed to the fact that rain effect is not accounted for in this case.  
 
 
Figure 6.17. Probability distribution of the Monte-Carlo simulated total array yield (Ys) with 
5000 cycles. The Ys values are normalised to maximum.  
 
The standard deviation for the daily yield prediction in the model showed a large variation for 
modules installed at 0° tilt which can be attributed to the higher accumulation rate of dust at 
the horizontal installation configuration in comparison to the tilted one. To verify this effect, 
a specific portion of the year where the deviation of energy prediction from the measurement 
is less than 10% was selected to run further analysis. This period is illustrated in Figure 6.14 
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and Figure 6.15. A constraint was imposed to stop the daily array yield prediction as soon as 
the dust accumulation reaches the value of 8.5 mg/cm2 for the µc/a-Si and 8.6 mg/cm2 for the 
CdTe. This is the equivalent to the limit at which the energy predictions vary over 10% from 
the measured data. Running another analysis with setting these dust concentration values as 
the end-of-cycle condition led to a minimum number of days required to go over the 10% 
scenario over a long period of time of 50 and 45 days for the 0° tilt installation configuration 
for the µc/a-Si and CdTe modules, respectively. As for the 30° tilt configuration the 
minimum days needed to reach the 10% scenario was found to be 48 and 27 days for the 
µc/a-Si and CdTe modules, respectively.  
This means that for the specific model input data (in the case for the country of Kuwait) and 
under the conditions of each installation setup, the modelling errors are kept under 10% for 
the minimum number of days reached. This is demonstrated by setting each value as the 
minimum number of days required for cleaning, as shown in Figure 6.18. The results in 
Figure 6.18 show an improvement in the total and daily array yield for both technologies.  
 
 
Figure 6.18. Monte-Carlo Analysis results over 5000 cycles where the results are normalised 
to average. 
 
6.3.4 The effect of cleaning on yield losses 
The investigation of the effect of cleaning on reducing yield losses due to dust is done using 
the procedure explained in section 6.2.7. This is done by modelling a CdTe module at 30o tilt 
for one year using the year 2011 input data as an example. A boundaries selection criterion 
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was set based on the daily array yield not varying by more than 5%, 10%, 20%, 30% and 
40% from the cleaned module. The results for the simulated sample in Figure 6.19 show a 
direct relation of the determined cleaning schedule with the soiling ratio of the module. No 
rain correction was applied in this case. The dusty module showed 30% losses due to dust in 
the total array yield. This value improved every time the PV module was cleaned (Figure 
6.20).  
The relation between the yield boundaries value and the improvement in yield did not show a 
consistent cleaning schedule. 10% permissible Ys losses showed an optimum cleaning 
frequency of 8 days per year, while 5% permissible Ys losses showed a non-linear relation 
where it set the cleaning frequency to 43 days per year. Allowing yield losses due to dust to 
be greater than 20% always results in the cleaning frequency being set to just one day per 
year. This is shown in Figure 6.21 where a power equation was fitted with an R-square value 
of 0.9989 where the fitted equation is: 
CF=2212 . YOV-2.458+0.6235 (6.14)
Here CF is the cleaning frequency and YOV is the optimized daily yield deviation desired for 
the optimisation process. The values affecting YOV are related to the daily Ys losses due to 
dust accumulation, where decreasing them will reduce the frequency of cleaning required to 
keep the losses under the same acceptable limits. On the other hand, no clear indication was 
observed to indicate that the parameters affecting YOV are location independent.   
 
 
Figure 6.19. Normalised array yield to the clean sample and cleaning schedule for CdTe 
module simulated for one year with setting Ys losses due to dust to 5%, 10%, 20% and 30%. 
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Figure 6.20. Total yield under different cleaning scenarios normalised to a clean module. 
Assuming a CdTe module simulated data for one year at 30° tilt. 
 
 
Figure 6.21. Relation of cleaning frequency with the daily array yield. 
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cost effective. Therefore care is to be taken to account for selecting the most cost-effective 
cleaning frequency to maximize energy production and minimize losses due to dust. 
 
Acceptable 
daily losses 
Ys (%) 
Frequency 
of 
cleaning 
Total losses 
due to dust 
Ys (%) 
Cost of lost energy 
due to dust  
(£/m2) 
Cost of 
cleaning 
(£/m2) 
5 43 3.9 9.4 67.3 
10 8 6.5 15.5 12.5 
20 3 11.6 27.7 4.7 
30 1 16.5 39.2 1.6 
40 1 16.2 38.6 1.6 
100 0 29.9 71.2 0.0 
Table 6.1. Cost of lost energy in one year generated from CdTe PV module due to dust 
accumulation and the cost associated with cleaning dust from the PV module. 
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6.4 Conclusions 
In this chapter a dust correction model for energy prediction in PV devices was developed. 
This model improves the energy prediction by correcting it with the losses associated with 
dust. This improves the energy prediction accuracy in dusty environments. Since the model 
applies a correction factor to the calculated energy, it can be adapted to other types of energy 
prediction models as long as they allow for current correction during the energy modelling 
stage. 
The model demonstrates a good agreement with measured data where it showed a deviation 
between measured and modelled total array yield of 3% and daily array yield of 5%-10%. 
The deviations varied when different tilt orientations and technologies are applied. Rain 
correction provided a good tool for model validation but due to the impracticality of use in 
energy modelling, its usage was limited to validation of the model only. 
A long term simulation showed that the worst case in the array daily yield prediction was in 
the 0° tilt (horizontal) configuration which showed a deviation of 38% over 5000 cycles 
which represents the possible losses over a system life time per year. This deviation is highly 
influenced by dust accumulation and it improved to 14% when the maximum dust 
accumulation allowed in the model was limited to 8.5 mg/cm2. Following this trend, a long 
term analysis showed that 50 and 48 days are the minimum number of days needed for the 
30° and 0° tilt modules respectively to go over 10% of the daily yield losses. Therefore this 
value is used to indicate the minimum number of days needed between cleaning to restrict the 
losses in Ys to under 10% in the perspective modules. 
An optimised cleaning schedule was also developed using the dust correction model. Using a 
one year simulation showed a relation where the optimised value is related to the module 
cleaning frequency by a power law relation. This was further linked to the cost of cleaning 
and compared to the cost of energy lost due to dust. Therefore this model can be used by PV 
systems designers not to only account for the losses due to dust but to demonstrates the best 
scenario to choose to minimize the losses due to dust. The main advantage of this model is 
that it is possible to expand it be used under different environments and locations by 
providing the location specific input data such as irradiance, wind, ambient temperature and 
dust concentration.  
  
132 
7 Conclusions and Recommendations for Future Work 
 
7.1 Dust Effect on Photovoltaic Modules 
The effect of dust accumulation on the surface of a PV module was investigated. A relation 
between reduction of the module performance and dust accumulation was identified. The 
reduction in the module performance is demonstrated to come from different sources. Dust 
particle material, size and concentration affect the solar irradiance arriving on the PV module 
by means of absorption and scattering and are identified as the highest contributor to the 
performance reduction in the form of dust concentration. The scattering effect is 
demonstrated not only to affect the magnitude, but also spectral attenuation. At shorter 
wavelengths, more light is scattered due to the small particle size mixture in the dust. This 
results in a spectral attenuation effect which was modelled by computer simulation and 
confirmed by means of laboratory measurements. This spectral attenuation is in contrast to 
the current state-of-the-art dust effect models, which are based on simpler assumptions. 
Comparing the two shows 6% higher losses at dust concentration of 4.25 mg/cm2 when 
accounting for the spectral attenuation a-Si PV modules. 
The work presented in this thesis provides a detailed insight that was not carried out in 
previous works with regards to the dust affect on the PV modules, particularly the attenuation 
affect of dust on the spectral irradiance. This affects not only the PV measurements, but also 
system designers as it means technologies with wider band gaps will be affected more than 
narrow band gap technologies in the same environment and dust concentration. Therefore a 
technology selective approach needs be considered for module selection when erecting PV 
systems in a dusty environment.  
 
7.2 Dust Accumulation and Distribution Uniformity on Photovoltaic Modules 
The non-uniform settlement of dust on PV modules provides further complication in the 
matter of determination of losses due to dust. The effects of non-uniformity and tilt angle 
were investigated further by means of spatial modelling. Different tilt angles and dust 
accumulation patterns were investigated. They showed that dust accumulated on the surface 
of the module after a dust storm can lead to immediate losses of 14.8%, as compared to 
19.4% power loss of a long exposed scenario effect. The simulation also showed that tilted 
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modules with their cells oriented horizontally to the plane have an elevated risk of hot 
spotting. 
This simulation tool can help system integrators to identify dust accumulation patterns that 
can lead to high energy losses. In addition to that, the spatial 3-dimensional model provided 
an approach to account for dust attenuation of the spectral irradiance. The risk of failure due 
to different dust shading scenarios and material defects within the PV cell are investigated by 
the use of this model.  
 
7.3 Observation of Dust in Outdoor Measurements 
The effect of dust accumulation and its relation to dust concentration, tilt angle and spectral 
attenuation effect was investigated by means of long term outdoor measurements. A non-
uniform thermal distribution was observed during the outdoor measurements but no damage 
was observed due to hot-spotting at the end of the measurements cycle. Dust accumulation on 
the surface of modules is affected greatly by rain, where higher precipitation produces a 
greater cleaning effect. This effect is strongly enhanced for the tilted modules as they showed 
consistent improvements with rain whereas the non-tilted modules showed an inconsistent 
behaviour. 
The effect of wind speed on the removal of the accumulated dust was not observed directly in 
the module performance. It was, however, observed from the total accumulated dust data 
collected at a specialised meteorological station where it showed a logarithmic relation to 
wind speed. The outdoor measured data provides confidence and detailed analytical results 
for the investigated technologies. They also provide valuable information into module aging 
and failure which promotes technology improvements.  
 
7.4 Energy Prediction and Dust Effect 
Putting together the measurements carried out as part of this work, a tool was developed in 
the form of a correction model to allow modelling the PV module performance with regard to 
dust. The correction model takes into consideration a number of variables as inputs. The 
spectral attenuation of dust was also taken into consideration in this model. This allows a 
simulation of energy prediction for different technologies. A comprehensive procedure was 
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proposed based on the dust correction model to show the possible variation and uncertainty 
associated with dust over a long period of time. In the same context, a cleaning optimisation 
procedure was developed to set up the best possible time and frequency of a system based on 
acceptable deviation of the system array yield that is set up by the user. 
The energy correction model introduced a method to account for the spectral attenuation due 
to dust in energy prediction. In addition to that, a procedure was presented to optimise the 
cost of losses in energy due to dust compared to that of dedicated cleaning. This is done by 
suggesting the optimum frequency of cleaning with regards to its cost compared to the cost of 
energy lost due to dust. This model can be used for various applications in the PV industry 
where yield prediction is of extreme importance. One of the main advantages of this model is 
its ability to be integrated with other existing PV energy models and used for energy 
prediction. 
 
7.5 Recommendations for Future Work 
The soiling ratio data developed in this work is specific to one location and thus further 
collection of types of dust from different locations around the world could provide a better 
database for soiling ratio factors. This could then be used to expand the dust correction model 
to locations other than Kuwait. Also further research is needed to accommodate for other 
variable factors in the dust correction model such as removed dust due to collisions. 
Potentially the same modelling procedure can be re-created to account for any location with 
the assumption that the right input data are available for the desired location. 
Another important factor that needs to be investigated further is the effect of rain on the 
cleaning and how it affects the formation of different dust patterns on the surface of the PV 
module at different tilt angles. This can be added to the dust correction to lower the 
uncertainty associated with rain dust removal properties.  
The long term effect of non-uniform accumulated dust on the PV modules from the 
perspective of degradation and hot spot effect is to be investigated further. It should involve 
the development of different methodologies to test hot spot triggering by dust. This kind of 
investigation would be useful as it can be used as a modification to the current hotspot test in 
the standard where only worst case and neutral types of shading are used.   
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